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Abstract
Avian encephalomyelitis virus (AEV) is a picornavirus that affects young chickens, 
quails, pheasants and turkeys. Translation initiation on picornavirus mRNA is cap- 
independent and occurs through a mechanism known as internal initiation, which depends 
on Internal Ribosome Entry Site (1RES) element within the 5’ untranslated region (UTR) 
of the viral RNA.
AEV has been assigned within the Hepatovinis genus and shares protein sequence 
similarity with hepatitis A vims (HAV). I have demonstrated that the 494 nucleotide 5’ 
UTR of the AEV genome contains an internal ribosome entry site (1RES) element. 
However, in contrast to the HAV 1RES, the AEV 1RES functions efficiently in the 
presence of cleaved eIF4G, suggesting functional differences exist. Characterization of 
die AEV 1RES element revealed that there are remarkable structural and functional 
similarities between the AEV, flaviviras [especially hepatitis C vims (HCV)] and newly 
discovered type 4 picornavims 1RES elements, including porcine teschovims-1 (PTV-1), 
porcine enterovims-8 (PEV-8) and simian vims-2. These related 1RES elements are 
generally shorter than other picornavims 1RES elements and are able to directly interact 
with 40S ribosomal subunits. These results indicate that despite classification of AEV as a 
Hepatovinis, the AEV 1RES element should be grouped into the picornavims type four 
1RES elements.
Seneca Valley vims-001 (SVV) has recently been isolated from pigs and identified as a 
member of the Picornaviridae capable of killing tumor cells. Initial analysis of the SVV- 
001 5’ UTR revealed that it may contain an 1RES element highly reminiscent of those of 
the Flaviviridae, especially classical swine fever vims (CSFV). However, further research 
is required to fully characterize the SVV-0011RES element.
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Chapter 1 
Introduction
1.1 Translation initiation on eukaryotic mRNAs
Translation of eukaryotic mRNAs is divided into three steps: initiation, elongation and 
termination, in which the initiation step is believed to be the major and most complicated 
step in translational control. Most eukaryotic mRNAs contain a 5’-terminal m^GpppN 
cap structure, a key stmcture for recruitment of the 40S ribosomal subunit, which is 
followed by ribosomal scanning along the mRNA until an appropriate start codon is 
reached. Thereby the mechanism of translation in eukaryotic cells is called cap-dependent 
initiation. This process requires a set of eukaryotic initiation factors (elFs), specifically 
involved in all stages of initiation of translation. The key steps and the role of the elFs are 
outlined below and in Figure 1.1.
1.1.1 Formation of a preinitiation complex
The number of 80S ribosomes and the free 40S and 60S ribosomal subunits are about 
equal under noimal conditions, with the bias towards the 80S ribosome, while the small 
and large subunits of the ribosome are kept apart by the binding of two initiation factors; 
eIF3 and eIF6, respectively. The first step in translation initiation is the formation of a 
ternary complex by assembly of the Met-tRNAi*^*^  ^ eIF2 and GTP. To achieve this 
formation, an eIF2.GDP complex from each completed round of translation initiation is 
recycled to eIF2.GTP which is able to bind to tRNAi'^'^\ This carries the initiator tRNA 
onto the 40S ribosomal subunit to form a preinitiation or 43S complex. Binding of the
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Figure 1.1 The pathway of translation initiation on mammalian capped mRNA. Step 1 
involves dissociation of the 80S ribosomal complexes into the 40S and 60S subunit. The 40S 
ribosomal subunit is then able to interact with cellular proteins including the Met-tRNA- 
primed eIF2 to form the 43S pre-initiation complex (Step 2). The mRNA is activated by 
interaction with eIF4F complex (Step 3). The 43S pre-initiation complex is recmited to the 5’ 
cap of the mRNA (Step 4). Step 5 includes ribosomal scanning to reach the initiation codon. 
Finally, the initiation factors are dissociated and 40S initiation complex is then formed at the 
initiation codon (Step 6). Adapted from Merrick (2004).
ternary complex to the 40S ribosomal subunit is facilitated by (at least) elFs 1,1 A and 3.
(reviewed in Kapp and Lorsch, 2004).
1.1.2 Recruitment of 43S complex onto mRNA
This stage requires the function of the many elFs, among them, the initiation factor eIF4G 
is the main factor. The complex of elFs 4A, 4E and 4G (called eIF4F) binds to the cap, 
unwinds any structure in the 5’ untranslated region (UTR) and facilitates loading of the 
43S preinitiation complex onto the 5’-untranslated region through the ATP-dependent 
action of eIF4A, supported by the RNA-binding proteins eIF4B and eIF4H. eIF4F 
mediates the association of the preinitiation complex with the 5’ cap of a mRNA through 
the interaction of eIF4E with the 5’ cap on one side and the interaction of eIF4G with 
eIF3 in the 43S complex on the other side. The resulting complex is named the initiation 
or 48S complex (reviewed in Gingras et al,, 1999).
1.1.3 Association of 40S and 60S ribosomal subunits
The eIF4A helicase activity uses energy from ATP to hydrolyse and unwind the RNA 
secondary structure while the initiation complex starts scanning along the associated 
mRNA (Rozen et al., 1990). The RNA-unwinding activity of eIF4A is stimulated by 
eIF4B and eIF4H (Richter-Cook et al., 1998). When the tRNAi^®  ^anticodon recognises 
the first AUG (start codon) embedded within the sequence ACCAUGG (named the 
Kozak sequence), scanning stops and codon-anticodon base pairing occurs between the 
initiation codon and the initiator tRNA in the ternary complex (Kozak, 1987). Further 
scanning is irreversibly prohibited by recognition of the favourable start codon that leads 
to hydrolysis of the GTP associated with eIF2 (mediated by eIF5), the resulting eIF2- 
GDP releases the Met-tRNAi^^‘ into the P site of the 40S subunit, thereby it dissociates 
from the complex (reviewed in Kapp and Lorsch, 2004). Binding of eIF5B-GTP to the
40S subunit mediates the joining of the large (60S) ribosomal subunit to the 40S-Met- 
tRNAi^^’^ -mRNA complex resulting in GTP hydrolysis by eIF5B and release of the 
eIF5B-GDP (Pestova et al., 2000; Lee et al., 2002).
1.1.4 Effects of the poly (A) tail on translation
The majority of eukaryotic mRNAs include a polyadenylated [poly (A)] tail at their 3’ 
ends which is 50-300 nt in length and added after transcription in the nucleus (Wickins et 
al., 1990). The 3’-poly (A) tail stmcture on eukaryotic mRNAs binds with the poly (A)- 
binding protein (PABP). Interaction of PABP with eIF4G causes circularization of the 
mRNA and facilitates re-binding of the 40S ribosomes to the mRNA, resulting in 
enhancement of translation efficiency (Kahvejian et al., 2001). Additionally, the lirrk 
between PABP and eukaryotic release factor (eRF) 3 mediates recycling of the 
terminating ribosomes into the 5’ translation initiation complex (Uchida et al., 2002).
Recognition of poly (A) by PABP may indicate that the mRNA has not yet been degraded 
and therefore it can be applied for translation (Tamn and Sachs, 1996; Wells et al., 1998). 
The fact that nicked or partially degraded mRNAs cannot therefore circularize means 
translation efficiency from these mRNAs dimitrishes, suggesting that this is an iirhibitory 
mechanism against the possibility of generating tmncated proteins that could be toxic to 
the cell (reviewed in Kapp and Lorsch, 2004).
1.2 The role of initiation factors (elFs)
1.2.1 elFl
Eukaryotic translation initiation factor 1 (elFl), the smallest initiation factor (12.6 kDa), 
was recognized as an essential factor, in cooperation with elFlA, for ribosomal scanning 
(Pestova et al., 1998b). elFl is the most important factor for selection and discrimination
of the cognate initiation codon. In the absence of elFl, the 43S complex could move 
along the mRNA, although at a reduced level, but it is unable to discriminate the cognate 
and non-cognate initiation codons (Pestova and Kolupaeva, 2002). The proposed function 
of elFl is sustaining the conformational change in the 40S ribosome during scanning so 
that it rejects codon-anticodon mismatches but the correct codon-anticodon base-pairing 
leads to displacement of elFl, thus stabilizing the conformational changes required for 
hydrolysis of eIF2-bound GTP (Lomakin et al., 2003). In fact the presence of elFl in the 
43S complex inhibits premature eIF5-induced GTP hydrolysis before assembly on the 
right initiation codon. On the other hand, codon-anticodon base-pairing relieves this 
inhibition, leading to fast hydrolysis of eIF2-bound GTP in 48S complexes (Unbehaun et 
al., 2004).
1.2.2 elFlA
elFlA (17 kDa) mediates recruitment of the ternary complex on the 40S ribosome subunit 
via interaction with eIF2 and eIF3 (Chaudhuri et al., 1999; Olsen et al., 2003). This 
factor, with elFl, synergistically enhances formation of the 48S complex, and then 
facilitates ribosome scanning through the mRNA to find the conect initiation codon 
(Pestova et al., 1998b).
1.2.3 eIF2
eIF2 includes 3 subunits : a (36.2 kDa), p (39 kDa) and y ( 51.8 kDa). Its interactions 
with GTP and Met-tRNAi^*^  ^ result in formation of the ternary complex in the early stage 
of initiation (Hershey and Merrick, 2000). Upon recognition of the correct initiation 
codon and codon-anticodon base pairing, eBF5 and eIF5B stimulate hydrolysis of eIF2- 
GTP which releases eIF2-GDP (Pestova et al., 2000). The resulting eIF2-GDP complex
will be processed to eIF2-GTP to begin the new cycle of translation initiation (Lorsch et 
al., 1999; Schmitt et al., 2002).
1.2.4 eIF2B
eEF2B contains five subunits of a to 8 which are in the range of 33.7 to 80.2 kDa in 
mammals. It facilitates the recycling process of eEF2-GDP to eIF2-GTP after formation of 
the 80S initiation complex (Hinnebusch, 2000).
1.2.5 eIF3
eIF3 is a giant complex comprising 13 different polypeptides in mammals (-800 kDa) 
and 6 polypeptides in yeast. It centrally organizes the function of the other factors and the 
ribosome in all stages of initiation via its multiple interactions (Mayeur et al., 2003; 
Jackson, 2005; Zhou et al., 2005). A series of experiments in yeast confiimed that in the 
early stage of preinitiation complex formation, it binds to the back or solvent-side of the 
ribosome which makes two interface sides of the ribosome accessible for two eIF3 
subunits to interact with elFl, eIF5 and the eIF2-GTP-Met-tRNAi^‘^  ^ ternary complex 
(Valasek et al., 2002, 2003). Its interaction with elFlA, known as a multifactor complex 
(MFC), stimulates loading of ternary complexes on to the 40S ribosome (Olsen et al., 
2003). Also, the interaction between elFl and eIF5 for selection of the favourable 
initiation codon is regulated by eIF3 (Valasek et al., 2004). Additionally, eIF3 with elFlA 
stabilizes the resulting preinitiation complex which could otheiwise be disrupted by 
association of the 60S ribosomal subunit (Chaudhuri et al., 1999).
Direct binding of eIF3 to eIF4G (Lamphear et al., 1995: LeFebvre et al., 2006), which is 
mutually cooperative with the binding of eIF4A to eIF4G, serves as a bridge to assemble 
the 48S complex (Korneeva et al., 2000). It is assumed that the large size of eIF3 changes
the confoimation of the 40S ribosome, providing accessible faces for mRNA and/ or
ternary complex binding (reviewed in Kapp and Lorsch, 2004).
Moreover, the stable binding of eIF3 with the 48S complex after establishment of codon- 
anticodon base-pairing and release of eIF2-GDP could protect association of ribosomal 
subunits. As a result of this binding, mRNA stabilizes the elF3-40S ribosome interaction |
and eIF3, in turn, stabilizes binding of mRNA to the 40S subunit until formation of 80S i
!
complex. In the next step, eIF5B mediates joining of the two ribosomal subunits resulting
in release of elFl, elFlA and eIF3 (Unbehaun et al., 2004; Kolupaeva et al., 2005). i
i
1.2.6 eIF4A I
There are two functionally equivalent isofomis eIF4A eIF4AI (44.4 kDa) and eIF4AII 
(46.3 kDa) wliich are 90-95 % identical (Hershey and Menick, 2000; Roger et al., 2002).
Together, eIF4A with eIF4E and eIF4G are components of the eIF4F holoenzyme 
complex which has the main role in 43S recmitment onto mRNA (reviewed in Gingras et 
al., 1999). eIF4A is also found as a free foim (Edery et al., 1983; Grifo et al., 1983), 
however its combined foim as a subunit of the eIF4F holoenzyme complex is the 
functional helicase during ribosome recruitment (Pause et al., 1992; Roger et al., 1999). 
eIF4A, a member of the DEAD-box helicase family, is able to perform both ATP 
hydrolysis and RNA unwinding (Roger et al., 2002). To achieve the helicase activity, 
eIF4A binds to eIF4G at two sites, in cooperation with eIF3 (Korneeva et al., 2001;
Obérer et al., 2005). eIF4A, in the presence of eIF4B and eIF4H, facilitates loading of 
the 43S complex onto mRNA and the scanning process to the initiation codon (Richter- 
Cook et al., 1998) by unwinding the secondary structure along the 5’- untranslated region 
of the mRNA (Rozen et al., 1990).
1.2.7 eIF4B
eIF4B is a dimeric protein (69kDa), and an RNA binding protein. It promotes binding of 
the 43S complex to mRNA and stimulates the eIF4A helicase activity by increasing the 
affinity of eIF4A for RNA and eIF4A mediated utilization of ATP (Hershey and Merrick, 
2000; Roger et al., 2001).
1.2.8 eIF4E
eIF4E is the smallest component (24kDa) of the eIF4F complex with high affinity for the 
m  ^ GTP stmcture at the 5’ end of the mRNA (Sonenberg et al., 1978). Through the 
interaction of eIF4E with eIF4G (and therefore the ribosome bound factor eIF3), the 43S 
complex is positioned at the 5'-end of the mRNA. The eIF4E-eIF4G interaction 
significantly increases binding of eIF4E to the cap stmcture (Lamphear et al., 1995).
1.2.9 eIF4G
eIF4G is made up of three distinct domains (Figure 1.2). The N-terminal one-third 
contains the eIF4E and poly (A) binding protein (PABP) binding sites; the middle third 
binds eIF3, eIF4A and RNA and is responsible for assembly of the translational 
machinery and the C-terminal third contains a second eIF4A binding site and a binding 
site for the protein kinase Mnkl which modulates translation initiation. It functions as a 
platform to assemble multiprotein-RNA complexes for initiation (Moiino et al., 2000; 
Prevot et al., 2003). A new homologue of eIF4G, known as eIF4G II (176 kDa) was 
discovered by Gradi et al. (1998a). They renamed the original (eIF4G) eIF4GI (171kDa), 
as eIF4G II has 46 % identity to eIF4G I at amino acid level, it is also able to bind to 
eIF4E, eIF3 and eIF4A.
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Picornavimses such as entero/rhino viruses and aphthoviruses express 2A and L proteases 
respectively, resulting in cleavage of eIF4G protein between the N-terminal and the 
middle third. This, therefore, leads to inhibition of cap-dependent translation (Section 
1.12) (Lamphear et al., 1995; Imataka and Sonenberg, 1997; Ali et al., 2001a; Foeger et 
al., 2002; Gradi et al., 2003, 2004). However, the C-teiminal two-thirds and even the C- 
tenninal one-third fragment are able to support cap-independent translation, although less 
efficiently than the intact eIF4F complex. However, this can be compensated by adding 4- 
fold more cleaved eIF4G than intact eIF4F complex (Jackson, 2005).
1.2.10 eIF4H
eIF4H (25kDa) has homology to eIF4B in the RNA recognition motif (RRM) region. It 
enhances the helicase activity of eIF4A (Richter-Cook., et al 1998). The possible function 
of elF4H is a protein-protein interaction to stabilize the confoimational changes in eIF4A 
for RNA binding, ATP hydrolysis, and RNA duplex unwinding (Richter et al., 1999).
1.2.11 eIF5
eIF5 (48.9 kDa) induces hydrolysis of the temaiy complex GTP upon recognition of the 
start codon and codon anticodon base-pairing (Hershey and Merrick, 2000). Recognition 
of the correct initiation codon promotes the interaction between eIF5 and elFlA. As a 
result, an alteration to the conformation of the 43 S complex prevents scanning (Maag et 
al., 2006). Furthermore, it has been suggested that the interaction between eIF5 and other 
initiation factors including eIF2, eIF3 and eIF4G during GTP hydrolysis stabilizes the 
48S complex and facilitates formation of the 80S complex (Asano et al., 2001).
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1.2.12 eIF5B
eIF5B is a large protein (175 kDa) and has ribosome-dependent GTPase activity (Pestova 
et a l, 2000). Upon assembly of the 43S complex at the initiation codon and the first GTP 
hydrolysis mediated by eIF5, the eIF5B-GTP complex binds to the 40S subunit via elFlA 
bound in the ribosomal A site and supports adjustment of the Met-tRNAi^®^ in the P site. 
The eIF5B-GTP complex bound to the ribosome then facilitates joining of the 60S 
ribosomal subunit, leading to GTP hydrolysis by eIF5B and release of the eIF5B-GDP 
complex (Pestova et al., 2000; Lee et al., 2002; Olsen et a l, 2003).
1.3 Poly (A) binding protein (PABP)
PABP is a -70 kDa protein containing four RNA-recognition motifs (RRM) and a highly 
conserved C-terminal domain (CTD) linked by a proline-rich domain (Adam et a l, 1986; 
Sachs et al., 1986). The CTD contains a binding cleft for a variety of proteins such as 
eIF4G, eIF4B, translation termination factor eRF3, UNR (Upstream of N-RAS) and 
PABP-interacting proteins 1 and 2 (Paip 1 and Paip 2) (reviewed in Lloyd, 2006). The 
ongoing proposal is that the PABP-eIF4G interaction induces circularization of the 
mRNA, resulting in enhancement of translational efficiency by recycling of 40S 
ribosomes (Well et al., 1998; Kahvejian et a l, 2001). This model was supported by the 
evidence that translation initiation and termination are linked through the interaction 
between eukaryotic releasing factor 3 (eRF3) and the C-terminal domain of PABP 
(Uchida et a l, 2002).
However, other aspects of PABP function during translation have also recently been 
considered. PABP can facilitate 60S ribosomal subunit joining at the start codon 
(Searfoss et a l, 2001), and also, its interaction with eIF4G induces conformational 
changes in eIF4G, resulting in enhancement of the binding of eIF4E to the cap structure
11
(Gross et al., 2003). In addition, further experiments confirmed that the PABP-eIF4G 
interaction enhances translation by increasing the affinity of eIF4E for the cap structure, 
thus encouraging 40S ribosome recruitment, and also stimulating 40S ribosome joining 
(Kahvejian et al., 2005). These stimulatory functions suggest that PABP can be 
considered as a eukaryotic initiation factor which functions at the earliest step of 
translation.
1.4 Regulation of eukaryotic initiation factors (elFs)
The highly regulated translational initiation machinery is modulated by a number of 
cellular proteins. The complicated interaction of these factors with each other and with 
mRNA and ribosomes makes the system extremely responsive to a wide range of stimuli 
such as heat shock, mitogenic stimulation and stress.
1.4.1 Regulation of eIF2
Phosphorylation of eIF2 is a pathway for inhibition of cellular protein synthesis under 
abnormal conditions. As a result of a stable interaction between phosphorylated eIF2 and 
eIF2B, it is unable to perform the recycling of eIF2-GDP to eIF2-GTP (Section 1.2.3). In 
response to heme deficiency in reticulocytes, the a subunit of eIF2 can be phosphorylated 
at serine 51 by a hemin-controlled repressor kinase (HCR). Moreover, presence of 
double-stranded RNA can lead to phosphorylation of eIF2 by doirble-stranded RNA- 
regulated protein kinase (PKR) (reviewed in Gray and Wickens, 1998).
1.4.2 Regulation of eIF4E
eIF4E can be regirlated by three different mechanisms:
a) Transcription: the amount of eIF4E mRNA significantly increases in response to 
growth factor treatment (Rosenwald et al., 1993). b) Phosphorylation: Unlike eIF2,
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phosphorylation of eIF4E increases the rate of translation. Growth factors, hormones, 
mitogens, cytokines and stress have been recognized as extracellulai' cues that 
phosphorylate eIF4E on serine 209. MAP-kinase interacting kinase I (Mnk-1) bound to 
eIF4G is responsible for eIF4E phosphorylation, in that eIF4G brings Mnk-1 in close 
proximity to eIF4E for efficient phosphorylation (Pyronnet et al., 1999). Adenovirus and 
influenza vims infections result in dephosphorylation of eIF4E, resulting in a reduction of 
cellular* translation (Zhang et al., 1994). c) Translation inhibitors: eIF4E binding proteins 
(4E-BPs) are a group of proteins which repress protein synthesis (Pause et al., 1994b). 
Interaction of these proteins with eIF4E inhibits its association with eIF4G, and thus 
inhibits formation of the eIF4F complex. Phosphorylation of 4E-BPs increases their 
affinity for eIF4E in response to numerous stimuli such as hoi*mones, growth factors, 
mitogens, cytokines and early adenovims infection. On the other hand, dephosphorylation 
of 4E-BPs is a mechanism used during Encephalornyocarditis vims (EMCV) infection 
(Section 1.12) to inhibit cap-dependent protein synthesis (reviewed in Gingras et al., 
1999).
1.4.3 Regulation of eIF4G
Phosphorylation of eIF4G has also been reported to enhance the formation of the eIF4F 
complex, although the phosphorylation site and the pathway are still unclear (Morley et 
al,. 1997). However, phosphorylation has been determined in response to protein kinase 
A (PKA) and C (PKC) and the protease-activated kinase II and influenza vinrs irrfection 
(reviewed in Gingras et al., 1999). Cleavage of eIF4G during some picornavir*us 
infections (Section 1.12), HIV infection (Ventoso et al., 2001; Ohlmann et al., 2002) and 
apoptosis (Clemens et al., 1998; Marissen and Lloyd, 1998) is another strategy to inhibit 
cellular translation. Furthermore, other viruses such as rotavims (Piron et al., 1998),
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influenza virus (Argon et al., 2000) and adenovims (Huang and Schneider, 1991; Zhang 
et al., 1994) produce proteins which bind to the amino-terminal part of eIF4G and, 
therefore, prevent the cellular translational machinery from utilizing eIF4G while viral 
translation is not affected.
1.4.4 Regulation of eIF3
Cell stress, especially viral infection, can regulate eIF3 by induction of a cellular protein, 
p56, which binds to eIF3 and inhibits its interaction with the ternary complex. Therefore, 
foimation of the 43S preinitiation complex and translation initiation will be suppressed 
(Guo et al., 2000).
1.4.5 Regulation of PABP
PABP-interacting proteins (Paips) Paipl and Paip2, control the stimulatory effects of 
PABP on translation (Craig et al., 1998; Khaleghpour et al., 2001). Paipl has homology 
with the central domain of eIF4G, binds eIF4A and enhances translation in vivo (Craig et 
al., 1998). In contrast, Paip2 represses translation by three mechanisms (0 competition 
with Paipl for binding to PABP (ii) dismption of the interaction between PABP and poly 
(A) tail (Khaleghpour et al., 2001) and (iii) dismption of the interaction between PABP 
and eIF4G (Kaiim et al., 2006). Thus, it can be speculated that mRNA circularization is a 
critical step in translation that can be considered as a target for translation control 
(reviewed in Lopez-Lastra et al., 2005).
1.5 Translation elongation
The 80S ribosome complex begins elongation of the polypeptide chain, requiring a set of 
special proteins, named eukaryotic elongation factors (eEFs), whilst the growing 
polypeptide is attached to the tRNA at the P site in the ribosome. After the formation of
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the 80S ribosome with Met-tRNAi^®^ bound to the ribosomal P site, the second 
aminoacyl-tRNA is brought into the ribosomal A site as a ternary complex with eEFlA- 
GTP. Upon selection of the cognate tRNA by the 40S ribosome, codon-anticodon base 
pairing occurs, resulting in eEFlA-GTP hydrolysis. This process induces a 
conformational change in the ribosome required for fixing the aminoacyl-tRNA in the A 
site and releasing the eEFl A-GDP.
The formation of a peptide bond between the aminoacyl-tRNA and Met-tRNAi”^®^ is 
catalyzed by the ribosomal peptidyl transferase. Then, translocation of the ribosome is 
carried out by hydrolysis of eEF2-GTP that shifts the deacylated tRNAi^^^ to the E site 
while the peptidyl tRNA is positioned in the P site. Therefore, the ribosomal A site 
remains open to accept the new incoming aminoacyl-tRNA. This cycle is repeated until 
the ribosome encounters the stop codon and translation termination occurs (reviewed in 
Noller et al., 2002; Kapp and Lorsch, 2004).
1.6 Translation termination
As a result of the location of the ribosomal A site on a stop codon (UAA, UAG, or UGA), 
the eukaryotic releasing factor (eRF) 1, in combination with eRF3-GTP, decodes the stop 
codon and catalyzes the hydrolysis of peptidyl-tRNA in the P site. This process requires 
the hydrolysis of GTP that leads to release of the polypeptide chain, eRFl+eRF3-GDP, 
tRNAs and the two ribosomal subunits (reviewed in Kisselev et al., 2000; Pool and Tate, 
2000).
1.7 Alternative mechanisms of translation initiation
Although the main pathway for tianslation initiation is cap-dependent and the classical 
scanning mechanism as described above, there are some alternative mechanisms, mostly
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used by viruses, to allow them to overcome the limitations imposed on the cellular 
machinery. Here, some of these mechanisms will be explained:
1.7.1 Leaky scanning
As a general mle, ribosomes initiate translation at the first AUG codon in proximity to the 
5’ end of the mRNA. However, if the first AUG codon is not present in a favourable 
context, some of the ribosomes can pass this AUG to reach the next in an optimal context 
by a mechanism known as leaky scanning. This mechanism is mainly utilized by viral 
mRNAs and results in synthesis of two proteins from the mRNA (Kozak, 1989). Leaky 
scanning has been demonstrated for HIV-1, hepatitis B virus (HBV), human 
papillomavimses (HPV), rabies virus and simian virus 40 (reviewed in Lopez-Lastra et 
al., 2005).
1.7.2 Reinitiation
Reinitiation is a mechanism by which ribosomes are able to translate a downstream ORF, 
when translation of a short upstream open reading frame (sORF) has already terminated. 
In this case, initiation factors remain associated with the 80S ribosomal subunit to 
proceed to initiate at a second ORF. As a result, two proteins will be produced from one 
transcript. The efficiency of translation from the downstream ORF is much lower than 
that of the upstream ORF and reduction in translation of sORF could decrease the rate of 
reinitiation (Poyry et al., 2004).
Jackson et al (2005) confirmed that reinitiation after translation of a long ORF occurs on 
feline calicivims (FCV) mRNA. The subgenomic RNA of calicivirtises contains a 5’- 
proximal cistron (ORF-1) encoding the -75 kDa major capsid protean precursor and a 
downstream ORF-2 encoding a -10 kDa putative minor capsid protein produced in -15%
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relative molar yield. The two ORFs have a 4 nt overlap and initiation of ORF-2 starts 
after the translation of ORF-1 is completed. They found that the last -84 nt of ORF-1 is 
able to bind eIF3. Thus, after termination of translation at the ORF-1 stop codon located 
within a short distance of the critical -84 nt segment, the 40S ribosomal subunit is still 
retained on the mRNA through its interaction with eIF3. The conect positioning of the 
40S ribosome on the ORF-2 initiation codon leads to formation of a ternary complex 
which can initiate translation without requirement for an eIF4G/4A complex as they 
showed that translation initiation of ORF-2 is not inhibited by dominant-negative eIF4A 
mutants (Jackson, 2005). Further, Luttermann and Meyer (2007) found that a length of 69 
nt at the end the first ORF contains two crucial motifs and is required for translation of 
the following ORF. The first sequence motif is highly conserved with other caliciviral 
sequences and complementary to part of the 18S rRNA. Using mutagenesis experiments, 
they showed that this motif is responsible for termination/reinitiation mechanism which 
can be mediated by hybridization between the viral mRNA and the 18S rRNA 
(Luttermann and Meyer, 2007).
1.7.3 Ribosome shunting
When the scanning process along the 5’UTR encounters a stable secondary stmcture, the 
ribosomal subunit may skip or shunt over the strong secondary stmcture. The ribosome 
reassociates with the mRNA and resumes scanning to find the next appropriate start 
codon (Yueh and Schneider, 2000). This mechanism is used by viral mRNAs such as 
cauliflower mosaic vinrs 35S RNA (Futterer et al., 1993). Furthermore, adenovims late 
mRNAs and cellular mRNAs that encode heat shock protein 70 are preferentially 
translated by ribosome shunting when efF4F is inactivated and limited (Yueh and 
Schneider, 1996).
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1.7.4 Ribosomal frameshifting
The process of frameshifting involves a process in which the translating ribosome shifts 
at the frame shift site, also known as a slippery site, by +1 or -1 nt, resulting in a change 
of reading frame. Synthesis of a single protein from two or more overlapping ORFs in 
retrovirases is a common example of -1 frameshifting. The slippery site, a 
heptanucleotide sequence XXXYYYN, and an RNA pseudoknot stmcture 2 to 4 nt 
downstream are both required for this mechanism in that the pseudoknot stmcture pauses 
the elongating ribosome which then slips backwards (Brieiiey, 1995; Gale et al., 2000). 
On the other hand, translation of E.coli release factor 2 (RF2) mRNA is an example of +1 
frameshifting in which translation termination switches to frameshifting by breaking 
codon: anticodon base pairing at a slippery codon and establishing a new base pairing 
with an overlapping codon (Gesteland and Atkins, 1996).
1.7.5 Internal Initiation
Internal initiation will be discussed in detail later as this is the subject of this thesis. The 
mechanism was first discovered in picornavimses. The 5’ end of picornavims mRNAs 
lack the cap stmcture and their 5’UTRs contain a complex stmcture named an internal 
ribosome entry site (1RES) element, which is able to recmit the 40S ribosome directly in 
the presence of most of the initiation factors. Internal initiation has also been discovered 
in some cellular mRNAs, various types of vimses such as flaviviruses, retrovimses, and 
also insect and plant vimses. However, the mechanism of internal initiation and the 
stmcture of 1RES elements among these families are quite diverse.
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1.8 Picornaviruses: an introduction
The picornavimses are the causative agents of important diseases in humans and animals. 
Poliovims, hepatitis A vims, foot and mouth disease vims (FMDV) and rhinovims cause 
devastating health and economic consequences. The recent outbreak of FMDV in the 
United Kingdom cost the country in excess of £10 billion (Samuel and Knowles, 2001). A 
large number of outbreaks of the common cold are related to the human rhinovims 
(HRV). As there is no effective treatment, prevention or natural immunity to the vims, 
infections cost countries billions yearly in lost work days (Couch, 2001). Hepatitis A 
vims is responsible for 25 % of viral hepatitis cases each year (Cuthbert, 2001).
Vimses belonging to the Picornaviridae are nonenveloped and have a single-stranded, 
positive sense, RNA genome. Upon entry to the cell, the RNA genome is uncoated and 
serves as a template for translation, requiring host cell proteins and ribosomes to produce 
a single polyprotein precursor. Then the polyprotein is cleaved (Section 1.10.2) to 
provide viral proteins required for genome replication and pathogenesis (Racaniello, 
2001). The picornavirus name is derived from Pico meaning a small unit of measurement 
and RNA. A typical picornavims genome of poliovims has been shown in Figure 1.3. 
This vims family is comprised of 10 genera (Table 1.1).
1.9 Structure of the genome in picorna viruses
1.9.1 The VPg protein
The picornavims genome lacks a cap structure at the 5’ end of the RNA; instead it has a 
small vims encoded protein (22 to 24 amino acids) called VPg (virion protein, genome 
linked) that is linked to the 5’ end of the vinrs RNA (Figure 1.3) (Wimmer, 1972; 
Forssand Schaller, 1982). It is thought that once the RNA is uncoated, VPg is removed
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Genus Examples
Enteroviruses Polioviriis
Rhinoviruses Human rhinovirus
Cardioviruses Encephalomyocarditis virus
Aphthoviruses Foot and Mouth disease virus (FMDV)
Hepatoviruses Hepatitis A virus & Avian encephalomyelitis virus
Parechoviruses Human parechovirus
Erboviruses Equine rhinitis B virus
Kobuviruses Aichivirus
Teschoviruses Porcine teschovirus
Sapeloviruses Simian virus 2 (SV2)
Table 1.1 Classification of the Picornaviridae family. For each genus, a 
representative vims is shown. The formation of the Sapelovims genus has been 
recently proposed to the international committee on taxonomy of vimses (ICTV) by 
the Picornaviridae study group (N.Knowles, lAH-Personal communication).
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from the RNA by a cellular protein, VPg unlinkase (Gmbman and Bachrach, 1979; 
Gulevich et al., 2002). However, its presence on the newly synthesized positive- and 
negative-stranded RNAs suggests that it functions as a primer in RNA synthesis during 
viral replication (Section 1.10.3). This process requires uridylylation of VPg by the 
addition of two uddylate (U) residues to a conserved tyrosine residue (Crawford and 
Baltimore, 1983; Paul et al., 1998, 2003; Goodfellow et al., 2003a).
1.9.2 The 5’ untranslated region
The 5’ untranslated region (UTR) of these viruses is highly structured, long and variable, 
600 nt (HRV) to 1300 nt (FMDV) in length (Forss et al., 1984; Skern et al., 1985). In 
entero/rhinoviruses the first 90 nt folds to form a cloverleaf like structure which interacts 
with the viral RNA dependent RNA polymerase during replication (Andino et al., 1990) 
and also supports the stability of the viral RNA (Murray et al., 2001). The hairpin 
structure called the S fragment has been found in the extreme 5’ end of cardio-and 
aphthoviruses (Clarke et al., 1987). Its exact role is unknown but it is necessary for viral 
activity (Bunch et al., 1994), possibly by a function similar to the PV cloverleaf stmcture 
which has a role in viral replication (Belsham, 1993). A number of cytosine (C) residues 
(100 to 200 nt) termed the poly (C) tract follows the S fragment and are found in the 
cardio-, aphtho-and erboviruses, but the function of this structure is unknown (Brown et 
al 1974; Zibert et al., 1990; Rieder et al., 1993; Hahn and Palmenberg, 1995; Osorio et 
al., 1996; Wutz et al., 1996). The region downstream of the poly (C) tract is predicted to 
contain 3 or 4 pseudoknot stractures in the FMDV genome (Clarke et al., 1987), while in 
EMCV two pseudoknot structures are predicted upstream of the poly (C) tract (Duke et 
al., 1992). The function of these stmctures is unknown but they have been suggested to
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have a role in viral RNA synthesis as mutagenesis in this region impaired viral replication 
(Martin and Palmenberg, 1996).
The other stem-loop stmcture is known as a cw-acting replication element {ere) and is 
required for initiation of viral replication. This stmcture is located in the FMDV 5’ UTR 
which is also named the 3B uridylylation site {bus) but is found in the coding sequence of 
other picornavimses (Lobert et al., 1999; Goodfellow et al., 2000; Mason et al., 2002; 
Muitay and Barton, 2003; Tiley et al., 2003; Nayak et al., 2005; AL-Sunaidi et al., 2006), 
however, the FMDV cre/bus can be moved to the 3’ UTR without affecting its function 
(Mason et al., 2002). In addition, the function of tire polio vims ere is not dependent on its 
position within the coding region as it can be translocated to the 5’ UTR without reducing 
its activity (Goodfellow et al., 2003a).
The last stmctural region within the picornavims 5’UTR is the internal ribosome entry 
site (1RES element), which is responsible for internal ribosome binding and translation 
initiation. This stmcture has been well investigated and will be explained in detail in 
Section 1.14.
1.9.3 The open reading frame
The picornavims genome is 7.1kb in HRV (Skern et al., 1985) to 8.4 kb in FMDV (Forss 
et al., 1984) in length. The genomic RNA contains one open reading frame (ORF) 
encoding a single polyprotein. The genome organization is highly conserved among all 
members and two untranslated (UTR) regions flank the ORF.
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1.9.4 The 3’ untranslated region and poly (A) tail
The 3’ UTR is a short length, ranging from 47 nt in human rhinovirus 14 to 125 nt in 
encephalomyocarditis vims (Racaniello, 2001). The secondary and tertiary 
(enteroviruses) stmctures in this region are essential for viral replication (Filipenko et al., 
1992; Mirmomeni et al., 1997). Linked to the 3’UTR is a poly (A) tail which is about 35 
nt in encephalomyocarditis vims to 100 nucleotides in aphthovimses in length 
(Racaniello, 2001). Tlirough its interaction with poly (A) binding protein (PABP), it 
stimulates both cap-independent translation (Section 1.16) (Bergamini et al., 2000; 
Michel et al., 2001) and viral genome replication in picornavimses (Herold and Andino, 
2001).
1.10 The pieornavirus life cycle
The main steps of the picomavirirs life cycle are given in Figure 1.4. Infection starts with 
attachment of the vims to a specific receptor. The viral RNA is then uncoated. The 
positive sense RNA template is then translated to provide structural and nonstmctural 
proteins required for viral replication and production of new vimses. The next step is 
synthesis of negative sense intermediate RNA from the positive-sense RNA genome 
followed by amplifying the viral genome. Finally, the newly synthesized positive sense 
RNA is packaged into the capsid to form the infectious vims (Racaniello et al., 2001).
1.10.1 Receptor binding and entry
Viral receptors are important factors of picornavims tissue tropism. The picornavimses 
bind to the cellular receptors through their capsid proteins. At least 9 diverse receptors 
have been defined for picornavimses (reviewed in Evans and Almond, 1998). For 
example, poliovims uses the immunoglobulin-like receptor CD 155 (Mendelsohn et al.,
24
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1989) and FMDV requires the integrin UvPs (Beiinstein et al., 1995; Neff et al., 1998) or 
most likely UvPe (Jackson et al., 2000; Monaghan et al., 2005) as a receptor. Among the 
capsid proteins, VPl has the main role in viral antigenicity and binding to cellular 
receptors (Baxt et al., 1989).
There are two main pathways for picornavims entry into the cell. Poliovims enters into 
the cell by formation of a pore in the cell membrane. As result of the interaction between 
the viral particle and its receptor, the vims is substantially changed (called an altered or A 
particle) so that it loses the capsid protein VP4 and exposes the lipophilic N-tenninus of 
VPl. The exposed lipophilic N-terminus may form an ion channel in the cell membrane 
which allows the viral RNA to enter the cell. On the other hand, FMDV entry is 
facilitated by receptor mediated endocytosis. The higlily PH sensitive capsid of FMDV 
leads to dissociation of the capsid into pentamers within the endosome, which then 
release the viral RNA into the cytoplasm (Racaniello, 2001). In addition, it has been 
reported that the integrin ttype also mediates delivery of FMDV to the acidic endosomes 
through clathrin-dependent endocytosis (Berryman et al., 2005).
1.10.2 Polyprotein processing
The open reading frame of these vimses encodes a single polyprotein that is cleaved 
during translation by virus encoded proteinases to yield 10 to 12 final products (Figure 
1.5). The polyprotein consists of three regions: PI, P2 and P3. Capsid proteins are 
encoded in the PI region whereas proteins involved in polyprotein processing, host 
translation shutoff, membrane association and genome replication are encoded in the P2 
and P3 regions (Rueckert and Wimmer, 1984).
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In enterovimses and rhinovimses, the primary cleavage occurs between the PI and P2 
precursor protein by In aphthovimses, autocatalytic release of causes its
separation from the PI polyprotein (Strebel and Back, 1986). A unique peptide known as 
NPGP peptide that is present in the 2A coding region is responsible for the cleavage 
downstream of the 2A protein in cardio vimses and aphto vimses (Ryan and Drew, 1994; 
Donnelly et al., 1997).
In hepatovimses and parechovimses, the primary cleavage is processed at the 2A-2B 
junction by The secondary cleavage events occur through 3C^ °^ and its precursor 
3 CDPro to generate essential factors required for the viral replication (Racaniello, 2001; 
reviewed in Bedard and Semler, 2004).
1.10.3 Replication
After translation and viral polyprotein processing, the same RNA template serves to 
synthesize negative sense RNA by switching from translation to replication, resulting 
from inhibition of 1RES function (Section 1.17). This process requires viral and cellular 
proteins such as the poly (C) binding protein (PCBP) and PABP. The replication of 
picornavims RNA occurs via a negative sense intermediate and starts from the 3’ end of 
the positive sense RNA template which is incompatible with the translation direction 
(Andino et al., 1990). In poliovims, RNA replication has been well studied, and it was 
found that the viral RNA-dependent RNA polymerase (3D) is involved in both VPg 
uridylylation and RNA synthesis (Paul et al., 1998).
As a result of VPg uridylylation, VPgpU (pU) is formed which acts as a primer for RNA 
synthesis of both negative and positive sense RNA (Paul et al., 1998), however, the 
templates are different for the two RNA strands. As the poly (A) tail seives for VPg
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uridylylation to produce the negative sense RNA, the cw-acting replication element (ere) 
is required for synthesis of positive sense RNA (Goodfellow et al., 2003b; Murrey et al.,
2003). Nevertheless, recent work determined that the poly (A) tail is not the primary 
template for FMDV VPg uridylylation and the cre/bus structure located in the 5’ UTR 
can function as both primary and secondary templates (Nayak et al., 2005). The 
cloverleaf stmcture in the 5’ UTR is a critical structure for negative sense RNA synthesis 
and binds the cellular protein PCBP and the viral protein 3 CD, the precursor of the viral 
RNA-dependent RNA polymerase (Barton et al., 2001). The cellular protein PABP, 
bound to the poly (A) tail, then interacts with PCBP and 3CD proteins, mediating 
circularization of the RNA template, thereby the poly (A) tail uridylylation template is 
located close to the 3D polymerase enzyme (Herold and Andino, 2001). The newly made 
negative sense RNAs are then utilized as templates for multiple rounds of positive sense 
RNA synthesis (Novak and Kirkegaard, 1991).
1.10.4 Packaging and release
The mechanism of packaging of picornavims RNA is not completely understood, 
however, the poliovims positive-sense RNAs are specifically packaged into capsids to 
form mature virions while cellular mRNAs, rRNAs, tRNAs, and negative-sense 
poliovims RNAs are not encapsidated (Nomoto et al., 1977; Novak et al,, 1991). The 
assembly of the virion is accompanied by the final proteolytic (maturation) cleavage of 
VPO into VP2 and VP4 (Jacobson et al., 1968; Arnold et al., 1987).
Picornavimses cause apoptosis or cytopathic effect (CPE) resulting in lysis of the infected 
cell required for the release and spreading of the mature virions (Tolskaya et al., 1995; 
Jelachich and Lipton, 1996; Girard et al., 1999; Belov et al., 2003; Carthy et al., 2003; 
Saraste et al., 2003; Deszcz et al., 2005). It has been reported that picornavimses such as
29
poliovims and Theiler’s murine encephalomyelitis vims (TMEV) induce apoptosis under 
restricted conditions but not permissive conditions (Tolskaya et aL, 1995; Jelachich and 
Lipton, 1996). However, non-lytic release of poliovims (from intestinal cells) (Tucker et 
al., 1993) and HAV (Cuthbeit, 2001) has also been reported.
1.11 The Pieornavirus proteins
1.11.1 The leader (L) protein
Aphthovimses, cardiovimses, teschovimses, erbovimses, kobuvimses and sapelovimses 
encode the leader (L) protein upstieam of the PI region (Rueckert and Wimmer, 1984; 
Wutz et al., 1996; Yamashita et al., 1998; Doherty et al., 1999; Oberste et al., 2003). The 
L protein of FMDV is a well-characterized protein, responsible for self-cleavage from the 
polyprotein (Strebel and Beck, 1986) and inhibition of host cell protein synthesis (Section 
1.12). Deletion of the L^ °^ coding sequence of FMDV results in the lack of efficient 
cleavage of eIF4F and an attenuated phenotype in vivo (Brown et al., 1996). Due to the 
presence of two initiation sites in the FMDV genome (Section 1.14.2), two foims of 
functionally equivalent have been recognized in FMDV (Beck et al., 1983; Belsham, 
1992; Medina et al., 1993). However, the non-protease L protein of TMEV (Cardiovinis) 
has been reported to be essential for neurovimlence (Calenoff et al., 1995) and the Aichi 
vims (Kobuvirus) L protein is involved in viral replication and encapsidation (Sasaki et 
al., 2003).
1.11.2 Structural proteins
The PI region of the picornavims polyprotein is the precursor of the stmctural proteins, 
VPl, VP2, VP3 and VP4 (Rueckert and Wimmer et al., 1984). The rapid cleavage of the 
PI protein by viral 3C^ ™ yields capsid proteins, VPO (an uncleaved precursor of VP2 and
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VP4), VPl and VP3 (Ypma-Wong et al., 1988). The final step is cleavage of VPO (called 
maturation cleavage) producing VP4 and VP2 required for viral assembly (Arnold et al., 
1987). However, the cleavage of VPO does not seem to occur in the human 
parechoviruses and in Aichi vims, therefore these virions include only, VPO, VPl and 
VP3 (Hyypia et al., 1992; Stanway et al., 1994; Yamashita et al., 1998).
1.11.3 Non-structural proteins
The non-structural proteins aie encoded by the P2 and P3 regions of the genome 
(Rueckert and Wimmer, 1984). Final cleavage of the P2 precursor leads to production of 
2A, 2B and 2C proteins while the P3 protein yields 3A, 3B, 3C and 3D proteins. 3C^ ™ is 
responsible for cleavage and release of all these final products (Vakharia et al., 1987).
The 2A^ ™ catalyzes the critical cleavage of 2A from the PI protein and inhibition of host 
cell protein synthesis by the cleavage of the cellular initiation factor eIF4G in entero-and 
rhinovimses (Section 1.10.2 and 1.12). The 2A protein of aphthovimses and 
cardiovimses is different from that of entero-and rhinovimses so that it does not have 
proteolytic activity and it is released from the PI region by 3C^^ (Ryan et al., 1989; 
Palmenberg et al., 1992). In addition, it has been suggested that the release of 2A from 2B 
is not dependent on a proteolytic event in aphthovimses and cardiovimses, but rather 2A- 
mediated modification of the translational machinery leads to release of the P1-2A from 
the ribosome which allows synthesis of the downstream protein (Ryan et al., 1999; 
Donnelly et al., 2001).
The 2B protein increases the cell membrane peimeability required for the release of 
virions from the cell (Aldabe et al., 1996; van Kuppeveld et al., 1997). 2C and the 
precursor 2BC protein are believed to be necessary for intracellular- membrane
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reanangement and the formation of the viral-induced cytoplasmic vesicles required for 
viral replication (Bienz et al., 1990; Cho et al., 1994).
3A protein has a role in blocking endoplasmic reticulum (ER) to Golgi transport leading 
to accumulation of secretory components and swelling of the ER lumen in poliovims 
infected cells (Doedens et al., 1997). In addition, 3AB protein has a role in membrane 
association of polioviral RNA replication (Towner et al., 1996), and stimulation of the 
activity of viral RNA polymerase 3D (Paul et al., 1994).
3B (VPg) has an essential role in viral replication (Section 1.10.3). Unlike the other 
picornavimses which encode only one copy of this protein, FMDV encodes three 
functionally equivalent copies of 3B (Forss and Schaller, 1982). Although the function of 
the 3 copies of VPg during FMDV infection remains unclear, it has been suggested that 
the multiple copies of VPg is related to pathogenicity and host range of the vims (Mason 
et al., 2003).
3CD protein, together with the host cell protein PCBP2, is required for RNA replication 
through the interaction with the cloverleaf stmcture of the poliovims genome (Andino et 
al., 1993; Parsley et al., 1997). 3C^ °^ is responsible for most of the polyprotein cleavage 
events (Vakharia et al., 1987). Moreover, eIF4A and eIF4G are cleaved by 3C^ °^ in later 
stages of FMDV infection (Belsham et al., 2000). 3D, the viral RNA-dependent RNA 
polymerase is required for VPg uridylylation and RNA chain elongation during viral 
RNA synthesis (Paul et al., 1998).
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1.12 Mechanism of host cell shut off by picornaviruses
Most picornavims infections result in an inhibition of host cell protein synthesis. The 
main mechanism is cleavage of eIF4G by picornavims proteases. During picornavims 
infection, both isoforms of eIF4G are cleaved by a viral protease, resulting in the 
production of N and C-terminal cleavage products, cpN and cpc. The cpc is able to 
interact with picornavims internal ribosome entry sites, eIF3 and eIF4A to support cap- 
independent translation, whereas the portion of the protein that interacts with eIF4E is 
removed from the domains of eIF4G (Lamphear et al., 1995). Thus, cap-dependent 
protein synthesis is inhibited (Lamphear et al., 1995; Imataka and Sonenberg, 1997; All et 
al., 2001a; Gradi et al., 2003).
Picornavimses encode two different types of proteinase which cleave eIF4G: L^ ^^ ° 
encoded by FMDV is a papain-like cysteine proteinase, the leader protein at the very N 
terminus of the polyprotein. L^ ™ cleaves the polyprotein at the C terminus of L^ °^ and the 
adjacent protein (VP4) releasing itself into the cytoplasm. Direct interaction between the 
C-terminal of L ’^^° and eIF4G induces rapid and efficient cleavage of both isofonns of 
eIF4G (Kirchweger et al., 1994; Guarne et al., 1998; Foeger et al., 2002; Gradi et al.,
2004).
Entero/rhinovimses encode different cysteine proteases, known as the 2A proteinases 
(2 Apro) 2A^ ™ is a cysteine self-processing protease which releases itself from the C- 
terminus of VPl in the viral polyprotein precursor (Toyoda et al., 1986; Glaser et al.,
2003). It is also able to directly cleave both eIF4GI and eIF4GII resulting in rapid 
inhibition of host cell protein synthesis (Kiausslich et al., 1987; Lloyd et al., 1988; 
Lamphear et al., 1993; Sommergmber et al., 1994; Gradi et al., 1998a, 2003; Liebig et al., 
2002). Although the cleavage of eIF4GII occurs more slowly than eIF4GI during HRV
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and PV infections, cleavage of both isofonns seems to be required for complete 
translational shut off (Gradi et al., 1998; Svitkin et al., 1999). The cleavage site of this 
proteinase is located seven amino acids downstream of the cleavage site, thereby 
producing the same functional eIF4G-binding domains (Figure 1.2) (Kirchweger et al., 
1994). The early inhibition of host translation leads to dissociation of polysomes from 
cellulai* mRNA and thereby reformation of larger polysomes on viral mRNA (reviewed in 
Lloyd, 2006).
Despite the popular idea that cleavage of eIF4G is responsible for complete inhibition of 
protein synthesis, recent work has revealed that although this is the basic mechanism, it is 
not the only one, as many independent experiments confinned that there should be other 
complementaiy mechanisms for shut off of the host cell protein synthesis (reviewed in 
Lloyd, 2006). Some experiments showed that expression of in cells did not
drastically inhibit protein synthesis, suggesting that it may activate other events by 
different mechanisms (Aldabe et al., 1995; Barco et al., 2000; Zhao et al., 2003). 
Additionally, it has been demonstrated that the C-terminal two-thirds, or even the middle 
third of eIF4G, can still support the translation of capped mRNAs, although less 
efficiently (Ali and Jackson, 2001; Ali et al., 2001a). In agreement with this explanation, 
during inhibition of viral replication by guanidine hydrochloride, monenesin, 3-methyl 
quercetin, or nigericin, which then results in little competition for the C-terminal two- 
thirds fragment of eIF4G, cap-dependent translation remained at considerable rate 
(Bonneau and Sonenberg, 1987; Perez and Carrasco, 1992; Irurzun et al., 1995; Bovee et 
al., 1998). Also, the earlier explanation that the late cleavage of eIF4G II during PV and 
HRV infections, especially in the presence of guanidine, is responsible for retaining the 
partial levels (40 %-50 %) of host cell translation (Gradi et al., 1998b) can be niled out, 
because the total amount of cellular eIF4GII (-10 %) is much less than eIF4G I (Gradi et
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aL, 1998a) and, therefore, it cannot support the significant level of host cell translation. 
Thus, Ali and Jackson (2001) concluded that the limiting concentration of the C-terminal 
two-thirds of eIF4G, which is also highly competed for by the viral 1RES element, can 
account for host cell shut off.
Moreover, 2A^ ™ and were found to cleave PABP simultaneously with the inhibition 
of endogenous cellular mRNA translation (Joachims et al., 1999; Kerekatte et al., 1999). 
Further research showed that cleavage of PABP by 3C^ ™ is another essential pathway for 
host cell shutoff which occurs at a later stage of poliovims infection. Cleavage by 3C^ ™ 
removes the C-terminal domain (CTD) of PABP that interacts with several translation 
factors including the eRF3-interacting domain, however the N-terminal end that binds to 
eIF4G and creates mRNA circularization remains unaffected. Therefore, PABP cleavage 
can possibly abrogate the interaction between PABP and eRF3, and thereby ribosome 
recycling, during which translation tennination will be inhibited (Kuyumcu-Martinez et 
al., 2004).
However, cleavage of eIF4G is not seen in all picornavims infections. For example. 
Hepatitis A virus does not induce shut off of host cell protein synthesis. The HAV 1RES 
actually requires intact eIF4G for function, and as a consequence, cleavage of eIF4G 
sharply reduces the activity of the HAV 1RES (Borman and Kean, 1997).
The cardiovimses shut off host cell tianslation by a different mechanism. EMCV 
infection results in dephosphorylation of eIF4E-binding protein-1 (4E-BP1).
Dephosphorylated 4E-BP-1 binds to eIF4E, preventing its interaction with eIF4G and 
thereby translation of capped cellular mRNAs is inhibited, while viral RNA translation 
still continues (Gingras et al., 1996).
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1.13 Translation initiation on pieornavirus mRNA
The mechanism of translation initiation on picornavims mRNAs is certainly different 
from cap-dependent translation on eukaryotic mRNAs, as picornavims mRNAs lack the 
cap stmcture and contain a highly structured 1RES element within the 5’ UTR. The 
original identification of 1RES elements in the picornavims genome was achieved by 
Pelletier and Sonenberg in 1988. Insertion of the 5' UTR of the poliovims genome 
between two reporter cistrons in a mRNA resulted in efficient translation of the 
downstream ORF, whereas in the absence of the 1RES element only the upstream ORF 
was translated (Figure 1.6). Similarly, independent experiments using mono- and 
dicistronic constmcts in vitro, revealed that the EMCV 5’ UTR is able to initiate 
translation of the downstream gene (Jang et al., 1988). Further, insertion of the FMDV 
1RES led to efficient translation of a circular RNA lacking a free 5’ end (Chen and 
Samow, 1995). These assays confirmed the function of the 1RES element as an important 
stmcture to recruit ribosomes internally to the mRNA.
The function of an 1RES element is entirely dependent on the correct integrity of the 
1RES stmcture. In picornavimses, a length of -  450 nucleotides is commonly employed 
for creating the secondary and tertiary stmcture of the 1RES and the short critical primary 
sequence elements. These secondary and tertiary stmctures are established by RNA- 
protein and RNA-RNA interactions (reviewed in Lopez-Lastra et al., 2005). Typically, 
the actual ribosome entry site is at an AUG triplet located at the 3' end of the 1RES, 
downstream from the start of a pyrimidine-rich tract. The high degree of secondary 
stmcture within the 1RES and short primaiy sequence motifs are much more conserved 
and vital for 1RES activity than the primary sequence itself, these short motifs are usually 
located towards the 3' end of the element (reviewed Jackson and Kaminski, 1995).
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Most information on 1RES elements comes from studies on the encephalomyocarditis 
vims (EMCV) 1RES element, so the process of internal initiation on EMCV mRNA will 
be explained in detail. The eukaryotic initiation factors (elFs) eIF2, eIF3, eIF4A and the 
central domain of eIF4G (Figure 1.2) which interacts with eIF3 and binds to eIF4A, are 
necessary for initiation complex formation on the EMCV 1RES, eIF4B is also partially 
required to increase the yield of initiation complexes (Lamphear et al., 1995; Pestova et 
al., 1996a,b). Mutations of conserved amino acids in the middle domain of eIF4G resulted 
in failure or reduction of both elFA and eIF3 binding. Furthermore, there is another 
eIF4A binding site in the carboxy-terminal tliird (amino acids 1045 to 1404) of eIF4G 
which is necessary for EMCV translation (Imataka and Sonenberg, 1997).
The preinitiation complex is formed by the 40S ribosome, Met-tRNAi and eIF4F 
(Pestova et al., 1996a). To fomi the 48S complex, an interaction between the 1RES and 
the 43S complex occurs, which is an ATP dependent process (Pestova et al., 1996b). To 
recmit the 40S subunit of the ribosome to the EMCV initiation codon, the central domain 
of eIF4G, with eIF4A and eIF4B, binds to the EMCV 1RES near to the correct initiation 
site and seiwes to deliver tlie 40S subunit via the eIF4G /eIF3/40S interaction. As it will 
be discussed later (Section 1.14.2), although ribosome scanning on EMCV RNA is veiy 
short, the helicase activity of eIF4A as part of eIF4F is required to unwind the region 
around the initiation codon (Pestova et al., 1996a). Figure 1.7 shows the stmcture of the 
EMCV-like 1RES elements and the formation of an initiation complex.
1.141RES elements in Picornaviridae
According to the basis of primary and secondary stmcture conservation and also 
efficiency of translation in vitro, the 1RES elements of the Picornaviridae have 
previously been divided into 3 groups. Results from mutational analysis have shown that
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Figure 1.7 Assembly of 48S complex on type II 1RES elements. Structural domains 
of the 1RES and regions of contact with eukaryotic initiation factors, PTB, 1TAF45 
(FMDV 1RES only) are shown. These factors are necessary for ribosome recruitment 
and stabilization of the 1RES secondary strucure. Adapted from Hellen and Samow 
(2001).
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the extreme 5' end of the 5' UTR does not function as an 1RES and the picornavims 1RES 
elements are generally about 450 nucleotides long (Belsham and Jackson, 2000). Further, 
a new type of picornavims 1RES element has recently been identified (group 4) which 
exhibits characteristics quite different from the Picornaviridae 1RES elements but are 
highly reminiscent of the Flaviviridae 1RES elements (Kaku et aL, 2002; Pisarev et al., 
2004; Chard et al., 2006a).
1.14.1 Type 1 1RES elements
The 1RES elements of the enterovimses and rhinovimses are classified as type I. The 
3’end of the 1RES element resides 30 to 150 nucleotides upstream of the start codon, 
thereby translation initiation involves internal ribosome binding, followed by ribosome 
scanning of the mRNA to identify the appropriate downstream start site AUG codon 
(Pestova et aL, 1994). The 5’ UTR contains six major stem-loop stmctures upstream of 
the start codon and the 1RES is located between stem-loops U-V. The stem loop IV has an 
essential role in translation so that insertion of 3 nucleotides within this loop results in a 
non-infectious vims. Substitution and deletion analyses showed that the C-bulge sequence 
and GNRA tetraloop within PV stem-loop IV (Figure 1.8) are vital for cellulai' protein 
binding and poliovims translation, respectively (Gamamik and Andino, 2000). GNRA 
tetraloops (N=any nucleotide, R= G or A) are found frequently in heavily structured 
molecules (Woese et al., 1990) and contain unusual G-A base-pairing between the 
extremities of the tetraloop that fonction as a central site for correct RNA folding (Heus 
and Pardi, 1991) and also they are essential determinants of RNA tertiary structure (Pley 
et al., 1994). Furthermore, the 1RES activity is very susceptible to mutation of each of the 
C-residues of a second C-rich loop at the tip of domain V (reviewed in Kean, 2003).
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Figurel.8 Type I vs. Type II 1RES elements in the 5' UTR of pieornavirus RNA. The RNA
secondary structural elements within the 5' UTR of Type I and Type II 1RES elements have 
been confirmed by RNA structure probing and are shown. RNA sequence and structural motifs 
that are conserved between Type I and Type II 1RES containing RNAs are highlighted. Cellular 
proteins that are known to bind to specific sequences within the 1RES elements and to function 
in picornavims translation are shown. Taken from Bedard (2004).
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Initiation occurs at the 3’ end of entero-Zrhinovims 1RES elements, the next AUG after a 
putative AUG codon. It has been reported that the initiation site in poliovims type 1 is 
AUG- 743, located 160 nucleotides downstream of putative AUG codon (at nucleotide 
586). Rhinovimses initiate protein synthesis at nucleotide 611, about 40 nucleotides 
downstream of a putative initiation codon at nucleotide 576 (Pestova et al., 1994; 
Ohlmann and Jackson, 1999). Another feature of these 1RES elements is that they 
function rather inefficiently and inaccurately within the rabbit reticulocyte lysate (RRL) 
in vitro translation system, but the addition of HeLa cell proteins stimulates the activity of 
the poliovims 1RES element (Domer et al., 1984). Also, their poor efficiency can be 
dramatically enhanced in vitro and in vivo by adding either 2A or L proteinase (Boiman 
et al., 1995, 1997b; Ziegler et al., 1995; Roberts et al., 1998). Additionally, type 1 1RES 
elements are quite sensitive to even slight modification of salt concentrations (Bonuan et 
al., 1995).
1.14.2 Type II 1RES elements
The cardiovimses, aphthovimses, parechovimses and erbovimses contain type II 1RES 
elements (reviewed in Stanway et al., 2005). This class of 1RES (and also type III 
1RES es) encompasses the start site AUG codon (Racaniello, 2001). The well conserved 
stem-loop stmctures also exist in type II 1RES elements, the largest stmcture is stem-loop 
I (210-220 nucleotides) containing a GNRA tetraloop (Figure 1.8) that is very important 
for translation and stabilization of RNA tertiary stmcture, so that changing a single 
nucleotide in the GNRA sequence resulted in highly defective type II 1RES elements 
(Lopez de and Maitinez-Salas, 1997; Robertson et al., 1999).
Studies showed that the majority of internal initiation on the EMCV 1RES happens at the 
11* AUG with some initiation at the 12* AUG found 12 nucleotides forther downstream,
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but very little at AUG-10 just 8 nucleotides upstream of the 11* AUG (Kaminski et al., 
1990, 1994). There are two initiation sites in the FMDV 1RES: the Lab site, which is 
analogous to the EMCV-11 AUG located some 22 nucleotides downstream from the start 
of the oligopyrimidine tiact at the 3’ end of the 1RES, and the Ly site located 84 
nucleotides downstream. Although at first all ribosomes enter at the upstream Lab site, 
most of them scan to the Lb site and initiate there. A small number (20% -33% depending 
on the conditions) initiate at the Lab site (Belsham, 1992). However, more recent 
discoveries have doubted whether all the ribosomes that initiate at the Lb site inevitably 
follow this pathway or they access the Lb site without linear scanning (Lopez de and 
Maitined-Salas, 1999; Poyiy et al., 2001). These 1RES elements also contain a small 
motif of a C- rich bulge with a similar location and stmcture as the class 1 1RES elements 
(Belsham and Jackson, 2000).
In comparison with class I 1RES elements, which are stimulated significantly by viral 
proteases 2A and L, this class of 1RES shows only a moderate stimulation by this factor 
(Olilman et al., 1995; Boiman et al., 1997b; Roberts et al., 1998). They also work 
efficiently in RRL without exhibiting any significant sensitivity to fluctuation in salt 
concentrations (Boiman et al., 1995).
1.14.3 Type III 1RES elements
The 5' UTR (735 nucleotides) of the HAV genome contains five tandem repeats of the 
sequence motif (U) UUCC(C) and several pyrimidine-rich regions. The HAV 1RES is 
located between nt 152 and nt 735 of the genome (Brown et al., 1994; Shaffer et al., 
1994). The 5’ 96 nucleotides of the HAV RNA genome fold into three separate stem- 
loops, I (hairpin), Ila and lib, which are followed by a polypyrimidine tract pYl as shown 
in Figure 1.9 (Brown et al., 1991; Shaffer et al., 1994). Interaction of stem loops Ila and
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Figure 1.9 Secondary structure proposed for domain I, II and III of wild-type
HAV 5' UTR RNA showing sites of cleavage by single-strand-specific (Ti, T2 and 
SI) nucleases (open arrow heads) and cobra venom RNase VI (solid arrowheads). 
Strong primer extention loops are marked by large dots. Pyrimidine nucleotides 
within the extended domain separating stem-loops lib and Ilia (nt 95 to 154) are 
marked with a shaded bar. Taken from Shaffer et al (1994).
44
Ilb probably increase the stability of these loops, thus forming pseudoknots (Shaffer et al, 
1994). Deletion of domain I and II, including the first pyiimidine-rich tract, did not affect 
the translational efficiency, however deletion of any segment of domain III, IV or V 
resulted in lack of translation, suggesting that the 5’ boundary of the HAY 1RES element 
is located within domain III (Brown et al., 1994; Shaffer et al., 1994).
The HAY 1RES has a relatively weak activity (more than 25-fold less active than the 
EMC Y 1RES) in RRL, probably due to lower affinity of the HAY 1RES element for 
cellular translation factors than the EMCY 1RES element (Brown et al., 1994), however, 
this poor activity can be enhanced by addition of liver cell extracts (Glass and Summer,
1993). Furthermore, this 1RES tolerates a wide range of salt concentrations (Borman et 
al., 1995). It also differs from the other picornaviiuses in requiring intact eIF4F for 
function, as addition of the viral 2A or L proteases completely inhibits its activity 
(Whetter et al., 1994; Borman et al., 1995, 1997c), Indeed, the HAY 1RES element 
requires interaction of the N-terminal fragment of eIF4G with eIF4E and PABP (Boiman 
et al., 2001; Ali et al., 2001b).
1.14.4 Type IV 1RES elements (New group of 1RES element)
The Teschovirus genus is a new genus within the Picornaviridae. The Talfan strain 
known as porcine teschovims-1 (PTY-1) is now the reference strain for the Teschovirus 
genus. It causes polioencephalomyelitis and a recent outbreak has been reported in Japan 
and United States in swine (Pogranichniy et al., 2003; Yamada et al., 2004). Its 5’ UTR is 
412 nt in length and the 1RES element, which is also shorter than those of the other 
picornaviiuses, is located between nucleotides 1 to 405 while nucleotide 412 is the 
initiation site for synthesis of a polyprotein of approximately 2204 amino acids (aa) 
(Kaku et al., 2001, 2002). Furtheimore, it has been shown that nucleotides 126 to 405
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only can function efficiently as an 1RES, suggesting that the 280 nucleotides at the 3’ end 
of the 5’ UTR constitute a fully functional 1RES element (Pisarev et al., 2004). In contrast 
to other members of the picomavims family, PTV-1 has no significant polypyrimidine 
tract upstream of the AUG codon. It contains a short conserved CUUU motif just over 20 
nt upstream of nucleotide 412 (start codon), but it is not apparent whether this sequence 
acts like the polypyrimidine tract found in other picornaviiuses (Kaku et al,, 2002).
The PTV-1 1RES has a similar efficiency to the cardioviius and aphthovims 1RES 
elements in the RRL system and within BHK cells. It efficiently initiates translation in 
vitro and its activity is not affected by PV 2A protease (Kaku et al., 2002). However, 
unlike other picornaviiuses, the PTV-1 1RES does not require the initiation factors elFl, 
elFlA, eIF3, eIF4B, and eIF4F for 48S preinitiation complex formation, but it needs eIF2 
and Met-tRNA (Pisarev et al., 2004). Also, it has recently been confiimed that PTV-1 
1RES activity is not affected by a dominant negative mutant foim of eIF4A (DQAD) 
(Chard et al., 2006a), but the PV and EMCV 1RES elements are blocked by this dominant 
negative form of eIF4A (Pause et al., 1994a; Svitkin et al., 2001a). This is a basic 
functional difference between the PTV 1RES and those of the other picornaviiuses. 
Furtheimore, it is highly reminiscent of the Flaviviridae such as Hepatitis C virus (HCV) 
and Classical swine fever viius (CSFV) 1RES elements which are also unaffected by the 
dominant negative foim of eIF4A and do not require the eIF4F complex for ribosome 
recruitment (Pestova et al., 1998a).
In view of the PTV-IRES structure, (Figure 1.10) it wanants classification in a different 
group of 1RES element (Kaku et al., 2002). In addition, aligiunent of the nucleotide 
sequences of the HCV and PTV-1 1RES elements revealed that they are significantly 
related (ca. 50% sequence identity) (Pisarev et al., 2004). Further research using
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Figure 1.10 Predicted secondary structure of the PTV-1 1RES. The structure of the 
PTV-1 1RES was predicted by comparative sequence analysis with HCV, CSFV, and other 
teschoviruses and was based on the published secondary stmctures for HCV and CSFV. 
Domains are labelled according to corresponding domains in the HCV 1RES. Except for the 
pseudoknot, particular elements were analyzed with Mfold, which predicted the most 
thermodynamically favorable structures for domains II, Illb, IIIc, and Illd. Taken from 
Chard et al (2004).
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mutational analysis and phylogenetic comparisons proposed a model of the secondary 
structure for the whole PTV-11RES element (Figure 1.10) that is strikingly similar to the 
HCV 1RES element (Chard et al., 2006a).
In particular, alignment of domain Ille between the PTV-1 and HCV 1RES elements 
shows that they share 11 nt out of 12. Furthermore, mutation within domain Ille reduced 
PTV-1 1RES activity by 55% (Chard et al., 2006a) as previously reported for HCV 
(Lukavsky et al., 2000). Domain III includes six subdomains (Ilia to Elf) and is 
responsible for interaction of the HCV 1RES with eIF3 and the 40S subunit (Kieft et al., 
2001a). Subdomain Illf (pseudoknot stmcture) has a key role within the Flavivirus 1RES 
elements. The pseudoknot located just upstream of the start codon plays an important role 
in ribosome binding (Wang et al., 1995; Rijnbrand et al., 1997). Despite the low identity 
between the sequences that form this stmcture in HCV and PTV-1 1RES elements, they 
have an equal position in the 1RES sequences. The stem sequences that lock the 
pseudoknot of the HCV 1RES is located between domains II and Ilia far upstream from 
other sequences that foim the pseudoknot, which is analogous to the position of the stem 
sequences that lock the pseudoknot in the PTV-11RES element (Figure 1.10), therefore it 
is also possible to assume a pseudoknot for the PTV-1 1RES element (Pisarev et al.,
2004). Mutagenesis experiments using compensatory mutations in the base-paired regions 
of the PTV-1 1RES element confiimed the secondaiy stmcture model which established 
the equivalent pseudoknot stmcture (Chard et al., 2006a).
1.15 The Role of 1RES trans-acting factors (ITAFs) in IRES-mediated 
initiation
In addition to canonical initiation factors, several specific proteins known as 1RES trans­
acting factors (ITAFs) have been suggested to have a role in picomavims and non-
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picomavims 1RES activities (Hellen and S ai now, 2001). The evidence that different 
classes or even members of a unique class of 1RES element exhibit different efficiencies 
in cell lines and in vitro, suggests the role of non-canonical initiation factors required for 
1RES activity and liints at cell tropism of specific 1RES elements (reviewed in Maitinez- 
Salas and Femandez-Miragal, 2004). For example, Sabin vaccine strains of poliovims 
which are subjected to mutations in the 1RES element are defective in translation 
initiation in neuronal cells (Svitkin et al., 1985, 1988; Stewart and Semler, 1998). Also, 
substitution of the poliovims 1RES for the rhinovims type 2 1RES resulted in very low 
replication rates of the PV mutant in neuronal cells but not in Hela cells (Gromeier et al., 
1996).
The idea that non-canonical factors influence translation initiation came from the 
observation that the activity of the poliovims and rhinovims 1RES elements is very weak 
in rabbit reticulocyte lysate (RRL), but addition of HeLa cell extracts enhanced this poor 
activity (Dorner et al., 1984). Also, supplementation of rabbit reticulocyte lysate with 
liver cell extracts stimulated HAV IRES-directed translation (Glass and Summers, 1993). 
The most common proposal is that ITAFs act as RNA binding proteins, and function like 
chaperones to retain the appropriate three-dimensional stmcture of the 1RES (reviewed in 
Martinez-Salas and Femandez-Miragal, 2004), and it is unlikely that they have a direct 
function like the central domain of eIF4G to recmit the 40S subunit (Belsham and 
Jackson, 2000). The most important ITAFs that have been discovered include:
1.15.1 La
La is a 52 kDa polypeptide that binds to the poliovims 1RES element (Meerovitch et al., 
1989). It is mostly found in the nucleus as it is involved in initiation and termination of 
RNA polymerase III transcription (reviewed in Wolin and Cedervall, 2002). During
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picomavims infection, it is probably redistributed from the nucleus to the cytoplasm 
(Meerovitch et ah, 1993). This protein can possibly be cleaved into C-terminal and N - 
terminal fragments by PV 3C protease (Shiroki et al., 1999). It was demonstrated that the 
C-tenninal region is involved in nuclear localisation (by using green fluorescent protein 
tagging the C-terminal region). The N-terminal region is concentrated in the cytoplasm 
where it can enhance PV 1RES activity (Sliiroki et al., 1999).
The fact that La can directly bind 18S rRNA suggests that unlike most trans-acting 
factors, it may have a direct role in ribosome recruitment to the RNA (Peek et al., 1996), 
Interaction of La protein with the poliovims 1RES actively stimulates initiation at the 
correct initiation site, but also suppresses initiation at the incorrect site (Meerovitch et al., 
1993; Svitkin et al., 1994). Using small interfering RNA (siRNA) and a dominant 
negative of La, it has been shown that poliovims 1RES function is significantly reduced. 
A dominant negative form of La also prevented binding of the 40S ribosomal subunit to 
the poliovims 1RES element (Costa-Mattioli et al., 2004).
1.15,2 Polypyrimidine tract-binding protein (PTB)
A p57 protein was first described as an EMCV and FMDV 1RES-binding protein (Jang 
and Wimmer, 1990; Luz and Beck, 1991). Further experiments confirmed that the 
cellular p57 protein (57 kDa) is identical to polypyrimidine tract-binding protein (PTB) 
(Hellen et al., 1993). PTB binds to specific sites on several 1RES elements. It binds to 
three sites on the PV 1RES element comprising: site 1 (which encompasses domain II and 
III), site 2 (domain V) and site 3 (downstream of the 3’ border of 1RES) (Hellen et al.,
1994). It is believed that mutations within domains II, III and IV which have detrimental 
effects on PV translation and viability disturb binding of trans acting factors (Hellen et 
al., 1994). Addition of purified PTB significantly stimulates the poor activity of
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poliovims and human rhinovims 1RES elements in vitro in the RRL system (Hunt and 
Jackson, 1999).
During PV infection PTB is cleaved by the 3C or 3CD protease, leading to PTB 
fragments being redistributed from the nucleus to the cytoplasm. The accumulated 
cleavage fragments bind to the 1RES and prevent the interaction of intact PTB, inhibiting 
1RES activity. These fragments are also unable to interact with poly (C) binding protein 
(PCBP), another trans-acting factor required for poliovims translation. It has been 
proposed that as PCBP is able to bind to the poliovims 1RES element during translation 
and the 5’ cloverleaf stmcture, PTB cleavage releases PCBP bound to the 1RES site and 
then preferentially binds to the 5’ cloverleaf stmcture, tliis in turn will trigger RNA 
replication (Back et al., 2002).
PTB also stimulates internal initiation and formation of initiation complexes on FMDV 
1RES-containing RNA (Niepmann et al., 1997). Further research confiimed that both PTB 
and ITAF45 are required for FMDV 1RES activity (Filipenko et al., 2000). However, the 
requirement of the EMCV 1RES element for PTB is still unclear" it may have a 
stimulatory role rather than be an essential requirement for EMCV 1RES function 
(Kaminski et al., 1995).
PTB includes four monomer RRMs (RNA recognition motifs), however its dimeric foim 
in solution suggests that PTB functions as a dimer to interact with the 1RES to stabilize 
the secondary and tertiary stmcture (Perez et al., 1997). Contradictory to this report, it has 
recently been reported that PTB is a monomer (Song et al., 2005; Petoukhov et al., 2006) 
in that the two C-terminal RRM domains III and IV separately bind to two distinct areas 
of the FMDV 1RES element (stem-loop II and the 1RES 3’ region) respectively. These
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interactions function as a chaperone to stabilize the 1RES structure and are also sufficient 
to stimulate binding of elF4G to the FMDV 1RES for efficient translation. Domain II, and 
to a lesser degree domain I of PTB stabilize the interaction between domains III and IV 
with the FMD 1RES (Song et al., 2005).
1.15.3 ITAF45
The function and stmcture of all three class II 1RES elements, FMDV, EMCV and 
TMEV, are closely related as initiation on these 1RES elements requires the same set of 
canonical IPs and involves binding of the eIF4G/4A complex to the J-K domain (Figure 
1.7). However, TMEV 1RES activity is strongly dependent on PTB, EMCV 1RES activity 
less dependent on PTB, and FMDV IRES-mediated translation strongly requires both 
PTB and an extra ITAF, called ITAF-45 (45-kDa ITAF) or murine proliferation- 
associated protein-1 (mppi), that is only expressed in proliferating cells (Pilipenko et al., 
2000).
Although both PTB and ITAF-45 bind to all three 1RES elements, only the function of the 
FMDV 1RES is influenced by ITAF-45, meaning that a specific functional requirement 
for ITAFs is more important than the ability of ITAFs to bind to different 1RES elements. 
ITAF-45 and PTB bind to nonoverlapping sites on the FMDV 1RES, and together cause 
local RNA confoimational changes adjacent to the eIF4G/4A binding site and increase 
binding of eIF4G/4A to the 1RES. Substitution of the 1RES of the neurovimlent TMEV 
by the FMDV 1RES element produced viable but completely attenuated vims in neuronal 
cells, even though the chimeric vims grew veiy well in BHK cells. Thus, it can be 
concluded that in comparison to proliferating cells, lack of expression of ITAF-45 
severely restrains growth of the chimeric vims containing the FMDV 1RES in neuronal 
cells (Pilipenko et al., 2000).
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1.15.4 Poly (rC) binding protein-2
The activity of the poliovims 1RES element is dependent on another cytoplasmic RNA- 
binding protein named as poly (rC) binding protein (PCBP2) (Blyn et al., 1995). 
Depletion of PCBP2 from HeLa cell extracts abrogated poliovims translation, while the 
addition of recombinant PCBP2 fully restored translation (Blyn et al., 1997). PCBP2 
binds to stem-loop IV of the poliovims 1RES (Blyn et al., 1996; Silvera et al., 1999) as 
mutation in stem-loop IV resulted in lack of PCBP2 binding to the 1RES and inhibition of 
translation (Blyn et al., 1996). It has been demonstrated that the first domain (KHl) of 
PCBP2 is able to bind both stem-loop IV and the clover-leaf stmcture of the poliovims 5’ 
UTR. Domain KHl, together with PV viral protein 3CD, forms a high affinity ternary 
ribonucleoprotein complex with the 5' terminal cloverleaf. In addition, the KHl fragment 
acts as a competitive inhibitor of PCBP function in poliovims IRES-mediated translation, 
but not for cap-dependent translation, supporting the idea that PCBPs are essential for 
poliovims translation (Silvera et al., 1999).
The requirement for PCBP2 has also been reported for the HAV 1RES, as HeLa cell 
extracts depleted of PCBP2 were able to support only very low levels of HAV IRES- 
mediated translation. However, addition of recombinant PCBP2 restored 1RES activity 
(Graff et al., 1998). Also, cardio-and aphthovims 1RES elements have been found to 
interact with PCBP2 but the functional requirement for this protein is not clear (Walter et 
al., 1999; Stassinopolous and Belsham, 2001).
1.15.5 p38/Unr
Analysis of HeLa cell fractions that stimulated human rhinovims (HRV) 1RES activity in 
rabbit reticulocyte lysate revealed that there are two separable stimulatory factors. One of 
them was identified as PTB and the second factor contained two components, p38 (a 38
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kDa protein) and Unr (a 97 kDa protein), a single stranded nucleic acid binding protein 
encoded just upstream of N-ras (Hunt et al., 1999).
p38, known as unrip (Unr interacting protein), is a novel member of the GH-WD protein 
family with no RNA binding activity. It has no effect on HRV 1RES activity in vitro 
when added alone or in combination with Unr or PTB. It has been suggested that p38 may 
be necessary for Unr function in intact cells but its improper folding may cause 
inactivation of the protein in a cell-free system (Hunt et al., 1999).
Unr is an RNA binding protein with 5 cold-shock domains, whose function in cells is still 
unclear. It has been reported that HRV 1RES activity can be stimulated by a combination 
of PTB and Unr in RRL, while Unr did not remarkably increase the PTB-stimulated 
activity of the poliovims 1RES (Hunt et al., 1999). The low stimulatory effect of Unr in 
combination with PTB suggests that there could be another cellular protein required for 
optimum PV activity (Belsham and Jackson, 2000). However, it has recently been shown 
that translation initiation on both the rhinovims and poliovims 1RES elements is 
stimulated by Unr in vivo but the IRES-mediated translation of EMCV and FMDV RNA 
is not dependent on Unr (Boussadia et al., 2003).
1.15.6 Nucleolin
It has been suggested that nucleolin, a 110 kDa polypeptide, has a role in poliovims 
translation as upon infection it is relocalised from the nucleus to the cytoplasm 
(Waggoner and Samow, 1998). In addition, its depletion from cell-free extracts that 
nonually support viral replication led to a decrease in vims infectious particles 
(Waggoner and Samow, 1998). Further research showed that nucleolin has a role in 
translation from entero-and rhinovims 1RES elements. While purified nucleolin
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stimulates viral IRES-mediated translation in vivo and in vitro, addition of a dominant 
negative mutant of nucleolin which is unable to interact with the 5’ UTR domains 
inhibits translation in vitro (Izumi et al., 2001).
1.16 Role of the poly (A) tail in picomavims translation
As mentioned in Section 1.9.4, a poly (A) tail is encoded at the 3’ end of the picomavims 
genome. The poly (A) tail has been found to stimulate translation mediated by class I, II 
and III 1RES elements via the interaction between eIF4G and PABP (Bergamini et al., 
2000; Michel et al., 2001; Svitkin et al., 2001b). Depending on the translation conditions, 
polyadenylation causes different levels of translational efficiency in picomavims 
mRNAs. In ribosome-depleted RRL, the most efficient 1RES elements, (eg FMDV) have 
the highest salt (KCl or MgCE) optima and are the least responsive to polyadenylation 
(Paulous et al., 2003). However, the stimulatory effect of poly (A) on translation of 
picornavimses that require only the C-terminal portion of eIF4G has not been clearly 
understood, since cleavage of eIF4G sequesters the N-terminus which is responsible for 
interaction with PABP to form circular mRNAs. It has been suggested that the poly (A) 
mediated circularization remains competitively operational during the first round of 
translation for the entero/rhino-and aphthovims mRNAs, before the inhibition of host cell 
translation (Michel, et al., 2001; reviewed in Kean, 2003).
1.17 Switch from translation to RNA replication in picornavimses
The replication of picomavimses is mediated by synthesis of a negative sense 
intermediate RNA which requires viral and cellular proteins such as the poly (C) binding 
protein (PCBP) (Andino et al., 1990). Thus, the positive-stranded viral RNA template has 
to serve for both translation and replication which are mutually incompatible and opposite 
in direction processes. To regulate the two functions properly and independently, there
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must be a critical interplay between the translation and replication machinery, allowing 
the two processes not to interfere with each other. Switching from translation to 
replication requires production of all involved proteins in sufficient concentrations, 
particularly the viral protein 3CD (Gamarnik and Andino, 1998).
A particular concentration of 3 CD protein during poliovims infection is required to 
repress translation and to start viral replication. The interaction of 3CD with the 5’ 
cloverleaf stmcture results in a sixfold increase in the affinity of PCBP-2 for this structure 
and it subsequently dissociates from the stem loop-IV of the 1RES element (Gamarnik 
and Andino, 2000). As a consequence, 1RES function is inhibited, allowing negative 
stranded-RNA synthesis to occur (Gamarnik and Andino, 1998). This process would be 
reversible when the 3CD protein has been cleaved to its components 3C and 3D, neither 
of which binds strongly to the cloverleaf, thus releasing PCBP-2 to bind stem loop IV of 
the poliovims 1RES (Andino et al., 1993). However, a more recent discovery has revealed 
the cleavage of PTB may have a role in switching from translation to viral replication. As 
mentioned in Section 1.15.2 cleavage of PTB by 3C^ ™ and/or 3CD^ '^  ^ results in 
sequestration of the N-terminal segment from the C-teiminal segment which remains 
attached to the 1RES, but blocks the binding of intact PTB to the poliovims 1RES 
element. On the other hand, the cleaved PTB is unable to bind PCBP-2, and thereby 
PCBP-2 will be dissociated from the 1RES. As a result, PCBP-2 may associate at the 
cloverleaf along with the 3CD^ "^ ° which represses translation and switches to negative- 
stranded RNA synthesis. Also, the N-terminal part of PTB could interact with other RNA 
proteins like PCBP-2, hnRNP K, hnRNP L resulting in exclusion of these proteins from 
the translational machinery and therefore, inhibition of translation (Back et al., 2002).
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1,18 Flaviviridae 1RES elements
Flavivimses, Hepacivirases (i.e. Hepatitis C virus), Pestiviruses (i.e. Classical swine fever 
virus and Bovine viral diarrhoea virus) together with GB viruses are members of the 
Flaviviridae family which are single-stranded RNA, enveloped viruses. Among them 
Hepacivirus, Pestivims and GB virus mRNAs have been shown to be translated in an 
1RES-dependent manner (Tsukiyama-Kohara et al., 1992; Poole et al., 1995; Rijnbrand et 
al., 2000). However, the Flavivirus genus including yellow fever vims (YFV) mRNA is 
translated by the conventional cap-dependent scanning mechanism (Rice et al., 1985). 
Due to high stmctural and functional similarities that we found between the HCV and 
AEV 1RES elements (Chapter 3 and 4), the stmcture and function of the HCV 1RES 
element will be discussed here.
1.18.1 The HCV 1RES element
HCV is a positive stianded RNA vims with a genome of approximately 9600 nucleotides. 
The vims is a serious human pathogen and is considered as a significant risk factor for 
developing liver ciiThosis and hepatocellular carcinoma (Kiyosawa et al., 1990). It has 
been classified in the Hepacivirus genus within the Flavivirdae family (Choo et al., 
1989), however its 5’ UTR contains an 1RES element (Tsukiyama-Kohara et al., 1992). 
The 5’UTR of HCV RNA is highly stmctured and is about 340 nucleotides in length, 
followed by a long open reading frame. The 1RES is located between nucleotides 40 to 
370, meaning that an additional 28 nucleotides from the open reading frame are required 
for efficient translation, as the initiation codon is located at nucleotide 342 (Brown et al., 
1992; Wang et al., 1993; Reynolds et al., 1995).
There are 3 functional stmctural domains (II, III and IV) and a pseudoknot (subdomain 
Illf) stmcture in the HCV 1RES (Figure 1.11), and the initiation codon is situated in
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Figure 1.11 Secondary and tertiary RNA structure within the 5 UTR of HCV, The région 
comprising the 1RES extends from domain II to domain IV. The regions corresponding to eIF3 
(orange) and 40S subunit (blue) are indicated. The initiator AUG codon is highlighted. Adapted 
from Honda et al (1999).
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domain IV. Domain I constitutes the extreme 5’end of the 5’ UTR and is not part of the 
functional 1RES (Brown et al., 1992; Honda et al., 1996a). Domain II adopts an 
independent secondary structure and is located between nucleotides 45 to 117, including 
2 subdomains named Ila and Ilb in which domain Ilb (apical loop) plays a critical role in 
interacting with the 40S ribosome subunit (Lukavsky et al., 2003).
Domain III comprises 6 distinct subdomains including Ilia, Illb, IIIc, Illd, Hie and Illf. 
Subdomain Illabc makes a four-way junction in that stem Ilia stacks on stem Illb and 
stem IIIc forms a coaxial stack with the basal part of stem III in an A-forra duplex 
(reviewed in Saiuow, 2003). Domain Illb forms a conserved unique three-dimensional 
structure, although its primary sequences are different among viral isolates. This domain 
contains binding sites for eIF3 (Collier et al., 2002).
Domain Illd, which spans nucleotides 253 through 279, is conserved and contains two 
double-stranded helices with a 6-nucleotide hairpin loop at the distal end of the double­
stranded helix 2. It has been identified that the triplet GGG (nucleotides 266-268) in the 
apical loop of subdomain Hid is an important region for 1RES activity and is highly 
conserved among related flavivimses and pestivimses (Jubin et al., 2000). Sub domains 
Ille and Hlf (pseudoknot stmcture) located in 3’ end of the HCV 1RES element have been 
found to play a critical role in 1RES activity (Wang et al., 1995; Kieft et al., 1999). These 
structures will be discussed in more detail in Chapter 3 and 4.
1.18.2 Mechanism of ribosome recruitment onto the HCV 1RES
The mechanism of translation initiation on HCV RNA is substantially different from 
eukaryotes and picomavimses in that the HCV 1RES binds specifically and stably to the 
40S ribosomal subunit without any requirement for eIF4G. Although this mechanism is
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similar to the recmitment of the small ribosomal subunit in prokaiyotes, the pathway is 
mainly different in that the three 1RES RNA tertiaiy structural domains synergistically 
provide recognition sites for the 43S ribosome (Kieft et al., 2001a, b).
The tertiary structure of the 1RES has a crucial role in initiation, the 1RES folds into a 
specific three-dimensional stmcture in the presence of physiological concentrations of 
metal ions (Kieft et al., 1999). The 1RES helices extend from two folded helical junction, 
Jlllef and Jlllabc to form a functional stmcture like a scaffold, containing binding sites 
for eIF3 and the ribosome. Domain II, junction Illabc and Illef function synergistically to 
adopt critical stmctures for interaction of the 1RES with the 40S ribosomal subunit. In 
addition, independent folding of each domain within the overall extended stmcture of the 
1RES corresponds to binding sites for the 40S subunit and eIF3 (Kieft et al., 2001a). The 
stem-loop ind also folds into the 40S ribosome for direct interaction with ribosomal 
components (Lukavsky et al., 2000). Furthermore, it has been shown that the correct 
secondary stmcture of Illd is necessary for binding of ribosomal protein S9 (Odeiman- 
Macchioli et al., 2000), and that mutagenesis of the highly conserved triplet GGG in the 
apical loop of Illd severely reduced 1RES activity (Jubin et al., 2000).
Domain II contacts with the ribosomal E site wliile it folds in the context of the intact 
1RES to form an elongated L-shaped stmcture. Therefore, its apical loop is able to 
protmde into the mRNA cleft near the coding RNA in the ribosomal P site. This 
conformational change of domain II may have a role like an initiation factor or help host 
initiation factors in their function (Lukavsky et al., 2003). It has also been proposed that 
the conformational stmcture, induced or stabilized by domain II, probably holds the 
coding RNA sequence in position in the decoding site until the rest of the translational 
machineiy accumulates and elongation starts (Spahn et al., 2001). The results from (Otto
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et al., 2002) showed that the HCV 1RES binds to a protein-rich surface of the 40S 
ribosome but has no interaction with rRNA.
The IRES-43S complex binds to eIF3 through the apical domain Illb. This interaction 
may adjust the position of the 40S subunit and prevent binding of 1RES RNA to 40S 
subunits associated with 60S subunits or facilitate some other downstream initiation 
events (Kieft et al., 2001a). Loop Illf fonns a pseudoknot by base pairing to nucleotides 
just upstream of stem loop IV. The pseudoknot has an essential role in 40S ribosomal 
binding and positions domain IV on the ribosome (Wang et al., 1995). Mutation of 2 or 3 
nucleotides of this region resulted in a significant decrease of translation initiation activity 
(Kieft et al., 2001a),
The HCV 1RES element works rather efficiently in an in vitro system, while it displays 
lower optimal salt concentrations than type II picomavims 1RES elements and is less 
sensitive to suboptimal salt concentrations (Borman et al., 1995; Paulous et al., 2003). 
However, in contrast to picornavimses, which need a set of canonical initiation factors, 
the HCV 1RES element does not have a defined /ra«,y-acting factor requirement other 
than eIF2 and eIF3 (Pestova et al., 1998a). However, human La autoantigen (Ali and 
Siddiqui., 1997), polypyrimidine-tract binding protein (Ali and Siddiqui, 1995), poly 
(rC)-binding protein 2 (Fukushi et al., 2001), heterogeneous nuclear ribonucleoprotein L 
(Halim et al., 1998) and ribosomal protein factor S9 are reported to specifically interact 
with the HCV 5’ UTR (Pestova et al., 1998a).
Experiments using a dominant negative La protein confirmed that La is necessary in both 
poliovims and HCV translation in vivo and in vitro, hi addition, the foraiation of 48S and 
80S initiation complexes was inliibited by inclusion of the dominant negative La protein
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in vitro (Costa-Mattioli et al., 2004). However, the La requirement for the HCV 1RES is 
lower than that of poliovims and also in contrast to poliovims infection, La protein does 
not seem to be redistributed to the cytoplasm during HCV infection (Isoyama et al.,
1999). La protein stimulates HCV IRES-mediated translation through the interaction of 
both N-and C-terminal halves, particularly RNA recognition motif 2 (RRM2) within the 
N-terminal domain binds the 1RES at the GCAC motif near the initiator AUG (Pudi et al., 
2003).
1.18.3 Mechanism of internal initiation on pestivims and GB virus 
1RES elements
There are several economically important diseases in animals caused by pesti vimses, 
classical swine fever vims (CSFV) and bovine viral diarrhea vims (BVDV). Classical 
swine fever, also known as hog cholera, is a worldwide, highly pathogenic and 
economically significant disease in pigs (Edwards et al., 2000), BVDV is one of the most 
complicated and devastating diseases in cattle, it causes a range of disease syndromes 
attributed to the age of the animal (Lindenbach and Rice, 2001). GB vims B (GBV-B) has 
recently been classified as a Flavivirus and can experimentally infect cotton-top tamarins 
and as a result, these animals develop an acute hepatitis (Schlauder et al., 1995; Simons et 
al., 1995).
Translation of all the above viral RNAs is initiated by a cap-independent mechanism as 
they possess an 1RES stmcture similar to that of HCV. Mutational analysis of the CSFV 
and GBV-B 5’ UTR confirmed that the 5’ border of the 1RES element is domain II and 
deletion of the extreme 5’ end of the genome (domain I) does not influence 1RES activity, 
while deletion of any stem-loop stmctures in domain II is lethal for 1RES activity 
(Rijnbrand et al., 1997, 2000; Fletcher and Jackson, 2000). Despite the existence of two
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extra stem-loops in the GBV-B 1RES element (Rijnbrand et al., 2000), alignments of 
sequences within the domain II showed that the HCV, CSFV and GBV-B 1RES es share 
conserved primary sequences in this domain, suggesting that it may have a critical role in 
interaction with the host translational machinery (Honda et al., 1999a).
Consistent with the HCV 1RES structure, pesti vimses and GBV-B 1RES elements also 
possess a similar domain III stmcture with highly conserved and essential stem-loops 
(Figure 1.12) (Rijnbrand et al., 2000, 2004; Fletcher et al., 2002). Interestingly, the 
interaction between stem-loop Illb and eIF3 has been confirmed for both HCV and CSFV 
1RES elements (Sizova et al., 1998). Additionally, the identical pseudoknot stmcture is 
also predicted for pestivimses and GBV-B 1RES elements but stem loop IV containing 
the initiation codon is proposed only in the GBV-B 1RES stmcture (Figure 1.12) 
(Rijnbrand et al., 1997, 2000).
Finding these similar stmctures identifies that these 1RES elements may use a similar 
mechanism for ribosome recmitment to that of HCV (Rijnbrand et al., 1997, 2000; Honda 
et al., 1999a). Consistent with this idea, direct ribosomal binding without any requirement 
for eIF4F and also interaction between stem-loop Illb and eIF3 have also been confirmed 
for the CSFV 1RES element (Pestova et al., 1998a; Sizova et al., 1998).
1.19 Dicistroviridae 1RES elements
The insect picorna-like vimses, epitomized by Cricket paralysis vims (CrPV), contain a 
dicistronic RNA genome. Translational of both ORFs is mediated by distinct 1RES 
elements, the upstream ORF encodes the nonstmctural protein precursor and the 
downstream ORF encodes the stmctural protein precursor (Sasaki and Nakashima, 2000; 
Wilson et al., 2000).
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Figure 1.12 Predicted secondary structures of the 5’ UTRs of GBV-B and CSFV.
Domains and sub-domains are labelled according to conesponding domains in the HCV 5’ 
UTR. Domains II and III are fimctional 1RES elements. Domain IV is only predicted for 
GBV-B 1RES element. Base-pair interactions involving the loop sequence of sub-domain 
Illf that are predicted to result in a putative RNA pseudoknot are drawn as solid lines. The 
AUG stall codon is indicated in black box. Adapted from Rijnbrand et al (2000) and 
Reusken et al (2003).
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Translation initiation of the downstream cistron is independent of any of the canonical 
initiation factors and Met-tRNA but dependent on structural features of the intergenic 
1RES, especially a pseudoknot preceding the initiation codon (Kanamori and Nakashima, 
2001; Jan and Samow, 2002). Curiously, translation of the downstream ORF is initiated 
at a non-AUG codon so that either a glutamine (CAA) or alanine (GCU or GCA) will be 
found at the N-terminal residue of the capsid protein precursor (Sasaki and Nakashima, 
2000; Wilson et al., 2000).
1.20 Cellular 1RES elements
Cells that are able to respond to environmental and physiological stress evolve adaptation 
strategies to survive under these conditions. Selective translation is an ideal pathway 
which leads to rapid and reversible gene expression. Internal initiation has been reported 
in many cellular mRNAs, advantageously as an alternative mechanism while cap- 
dependent initiation is inhibited or reduced. Up to 10% of cellular mRNAs which encode 
proteins involved in apoptosis, amino acid starvation, hypoxia, proto-oncogenes, UV light 
irradiation, heat shock, genotoxic stress, development and differentiation contain 1RES 
elements. Interestingly, the number of identified cellular' 1RES elements is rapidly 
growing (reveiwed in Stoneley and Willis, 2004, Holcik and Sonenberg, 2005). Here, 
some of the most important cellular IRESes will be explained:
1.20.1 Apaf-1, lAP and XIAP
Apoptosis or programmed cell death is regulated by interaction of cellular proteins. Both 
up and down regulating factors are probably translated via a cap-independent mechanism. 
It seems that a number of factors such as the type and severity of the stress, insult, 
intracellular signalling and the abundance, stability and efficiency of translation of a 
given mRNA detennine the outcome, apoptosis or survival, for the cell (Holcik et al.,
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2000). The apoptotic protease activating factor (Apaf-1), which is an activator of caspase- 
9 during the early stage of apoptosis, is translated by an internal ribosome entry site 
(Coldwell et al., 2000). In addition, inhibitors of apoptosis proteins (lAPs) have an 1RES 
mediated translation. The X-linked inhibitor of apoptosis (XIAP), which is the most 
potent inhibitor of caspase -3, -7 and -9, and c-IAPl which inhibits caspase-3 and -7 
during apoptosis, are translated by an internal ribosome entry site (Holcik, 1999; Van 
eden, 2004).
1.20.2 c-Myc
c-Myc protein, known as a proto-oncogene factor, plays an important role in apoptosis 
and cell proliferation. The expression of c-Myc protein is switched from cap-dependent 
initiation to internal initiation during apoptosis (Stoneley et al., 2000) and genotoxic 
stress (Subkhankulova et al., 2001).
1.20.3 HIF-la
Hypoxia-inducible Factor-la (HIF- la ) is a protein factor which is produced in cells 
during hypoxia and has an important role in adaptation to hypoxia. The HIF- la  mRNA 
contains an 1RES element, capable of protein synthesis initiation in hypoxic conditions 
while cap-dependent translation is suppressed (Lang et al., 2002). The polypyrimidine 
tract-binding protein (PTB) efficiently binds to the HIF-la 1RES containing pyrimidine- 
rich sequence and stimulates IRES-mediated translation duimg hypoxia (Schepens et al., 
2005).
1.20.4 VEGF
Vascular endothelial growth factor (VEGF), a veiy potent angiogenic agent especially in 
tumor angiogenesis, is expressed under physiological stress conditions such as hypoxia
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and hypoglycemia. The fact that expression of VEGF is upregulated by internal initiation 
in response to hypoxia, indicates that IRES-mediated translation is a pivotal mechanism 
under this circumstance (Akiri et al., 1998; Stein et al., 1998).
1.20.5 Cat-1
The cationic amino acid transporter, Cat-1 protein has a key role to uptake the essential 
amino acids arginine and lysine and is highly expressed during amino acid staivation 
(Fernandez et al., 2001), demonstrating that translation of Cat-1 mRNA is via an 1RES 
element during amino acid starvation, when cap-dependent translation is decreased.
1.20.6
PITSLRE (cyclin-dependent) protein kinases are known as tumor gene suppressors and 
function during cell cycle progression. It has been shown that there are two protein kinase 
isoforms, pllO” *^®^  ^ and Both of the isoforms are produced from a single
transcript at alternative in-frame AUG codons. While pllO’’^ ^^ ''^  ^ is translated via cap- 
dependent initiation in all phases of the cell cycle, expression of is specifically
regulated in the G2/M phase by an 1RES element located in the mRNA coding sequence 
(Cornelis et al., 2000).
1.20.7 eIF4G, Unr and La autoantigen
The ability of cells to survive under stress conditions, and thereby switch the protein 
synthesis to a cap-independent mechanism raised the theory that cellular* protein factors 
involved in initiation could be translated by a different mechanism. Internal initiation has 
been recognized as an alternative or transient mechanism for some of these factors so far. 
Translation of eIF4G, the essential initiation factor in cap-dependent and cap-independent 
translation, is switched to internal initiation when cap-dependent translation is
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compromised (Gan and Rhoads, 1996). Upstream of N-ra^ 9 (Um), an RNA binding 
protein (Section 1.15.5), is translated by an 1RES element which is negatively regulated, 
while PTB specifically interacts with a pyrimidine-rich region within the Unr 5’-UTR 
(Cornelis et al., 2005). The data from (Carter and Samow, 2000) showed that La 
autoantigen (Section 1.15.1) mRNAs contain 1RES elements which function during 
abnonnal conditions such as inflammation, apoptosis, stress or certain viral infections.
1.20.8 Fimctional Structure of the cellular 1RES elements
The mechanism of ribosome recruitment and internal initiation by cellular mRNAs has 
not been clearly understood, however, the main idea is that they foim a complex 
secondary and tertiary structure which can interact with initiation factors, ITAFs and 40S 
ribosomes. No nucleotide sequence similarity has been reported for cellular 1RES 
elements so far* (reviewed in Komai* and Hatzoglou, 2005). A Y-shaped RNA stmcture 
has been reported for some cellular IRESs (Le and Maizel, 1997) but whether this 
stmcture has a role in internal ribosome binding requires more evidence (reviewed in 
Komar* and Hatzoglou, 2005). Deletion analysis showed that the functional and stmctural 
regions for* most of the cellular IRESes are 150-300 nt in length (Bonnal et a l, 2003). 
However, Chappell et al, (2000) found a 9-nt segment in the 5’ UTR of cellular 
homeodomain protein Gtx mRNA which is complementary to the 18s rRNA. This 
module functions as an 1RES element and interestingly multiple copies of this 9-nt 
sequence synergistically increased the 1RES activity.
It has been suggested that ITAFs support recmitment of the 40S ribosomal subunit to the 
cellular mRNA via specific interactions with canonical initiation factors or ribosomal 
components while they may also stabilize an appropriate confor*mational stmcture of the 
1RES. However, the relative level of expression of ITAFs in the cytoplasm is different
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depending on stress conditions and tissue specificity (reviewed in Komar and Hatzoglou, 
2005).
1.21. Avian encephalomyelitis virus (AEV)
Avian encephalomyelitis viras was first described by Jones as an epidemic tremor in 2- 
week-old commercial chickens in 1930 (Jones, 1932, 1934). The virus is a picomavims 
which affects young chickens, quails, pheasants and turkeys. The disease is known by 
neuronal symptoms in young chickens including ataxia and rapid tremors, especially of 
the head and neck for which the disease is often called epidemic tremor. The neurological 
signs have not been reported in mature birds, however they may show a temporary 5-10 
% drop in egg production. AEV is a worldwide vims and almost all flocks are susceptible 
unless they are vaccinated (Calnek, 2003).
Before the extensive use of vaccines in the early 1960s, the disease had been causing 
great economic losses in the poultry industry (Calnek, 2003). The first vaccine was 
successfully developed by Calnek et al (1961). Live vaccines which are propagated in 
chicken embryos are widely used against AEV, however inactivated vaccines are also 
administered for breeder flocks or conditions that live vaccines are not recommended 
(Calnek, 2003).
1.21.1 Structure of AEV genome
The genome of AEV contains 7032 nucleotides (smaller than that of any other 
picomavims). The 5’UTR, open reading frame and 3’UTR comprise 495, 6402 and 136 
nucleotides, respectively (Marvil et al., 1999). The open reading frame encodes a 
polyprotein of 2134 amino acids that are most closely related to the hepatitis A vims 
proteins (Marwil et a l, 1999). Consistent with this, a study using RT-PCR revealed that
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the AEV genome is polyadenylated, single-stranded RNA, approximately 7.5 kb in size in 
which a 869 nt sequence encodes 239 amino acids which share closest similarity with the 
RNA polymerase of HAV (Todd et al., 1999). Therefore, AEV has been classified in the 
hepatovims genus of the picomaviruses. However, the corresponding region of the 2A 
protein in AEV has conserved motifs shared with two diverse picornavimses, human 
paiechovimses and Aichi viras. Moreover, these motifs are also related to a family of 
cellular proteins involved in the control of cell proliferation (Hughes and Stanway, 2000). 
The authors noted that this divergence between the 2A protein of AEV and hepatovirases 
may assign them in two separate genera.
The 5’UTR (494 nt) is the shortest among all of the picomaviruses sequenced (600 to 
1200) to date, whereas the 3’UTR is not unusual (42 to 164 nucleotides) (Marvil et al., 
1999). Analysis of the 5’ 150 nucleotides of AEV using the program RNA draw (Matzura 
and Wennborg, 1996) revealed five potential stem-loop structures. The first 2 stem loops 
are located between nt 2 to 68 and the rest of the 5’UTR sequence folds to produce a 
complex structure different from that of HAV. The AEV 5’UTR does not contain a long 
polypyrimidine tract, unlike the HAV 5’UTR (Maiwil et al., 1999).
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1.22 Project aims
This project investigated the mechanism of translation initiation on the only avian 
picomavirus (AEV) known at the start of the project (2003). As it has been classified in 
the Hepatovims genus, similar aspects of translation initiation with HAV were initially 
predicted. Therefore, the project aims are outlined below:
• Assay for 1RES element activity within the AEV 5’ UTR in vitro and in vivo.
• Investigation of the cell tropism of the AEV 1RES element.
• Investigation of the influence of AEV coding sequence on 1RES activity.
• Definition of the 5’ and 3’ boundaries of the AEV 1RES element.
• Definition of the proposed secondary stmcture using mutational analysis in different
regions of the 1RES element.
• Evaluation of the effect of salt concentration on AEV 1RES activity.
• Characterisation of cellular factor requirement for AEV 1RES activity.
Further, the 5’ UTR of a newly discovered picornaviras, Seneca Valley vims (SVV), was 
also assessed to analyse the presence of an 1RES element within this region (details in 
Chapter 5).
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Chapter 2 
General Methods
2.1 Polymerase chain reaction (PCR)
Polymerase chain reactions were performed using Thermits aquaticus (Tag) (Promega), 
Pyrococcus furiosus (Pfit) (Promega) and Thermococcus ziUigU (Pjx 50™) (Invitrogen) 
DNA polymerase enzymes. As a general rule, 25-50 ng of template DNA was added to 10 
pmole of each oligonucleotide (forward and reverse), 2 pi of dNTP mix (10 mM of each 
dNTP, Promega). The reaction volume was made up to 50 pi with sterile distilled H2O. 
However, the list of primers and specific conditions for each construct are given in the 
relevant chapter.
PCR products from Pyrococcus furiosus (Pfu) (Promega) and Thermococcus zUHgU (Pfx 
50™) (Invitrogen) DNA polymerase enzymes were treated with 0.5 pi Thermits aquaticus 
(Tag) DNA polymerase for 10 minutes at 72 °C, in order to add an A overhang at both 
ends of the PCR products to clone into a pGEM®-T Easy vector (Promega). PCR products 
(5 pi) were run on an agarose gel (Section 2.3) to check their correct sizes.
2.2 Overlap Polymerase Chain Reaction (PCR)
Overlap PCRs were carried out according to Ho et al (1989) to join 2 pieces of the AEV 
5’ UTR or to create point mutations within the AEV 5’ UTR. Two template DNAs were 
amplified with external and internal (overlap) primers. Both templates were combined in 
a second PCR reaction using the 2 external primers in a total volume of 100 pi. The
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details are given in the relevant chapters. Figure 2.1 exhibits a schematic diagram of the 
overlap PCR method. The final products were treated and analysed as explained in 
Section 2.1.
2.3 Agarose gel electrophoresis
Agarose gels (0.8 % or 1.2 % w/v; Melford) containing 0.5 pg/ml ethidium bromide were 
made with TAB buffer or TBE buffer (RNA gels), (Appendix I). Samples were loaded in 
6 X loading buffer (Promega). Gels were ran at 124 V in TAE/TBE buffer and visualised 
using a UV trans-illuminator (UVItec).
2.4 Gel extraction of DNA
After electrophoresis of DNA through an agarose gel (Section 2.3) the correct bands were 
excised. The QIAquick gel extraction kit (Qiagen) was used to extract DNA from agarose 
gels according to the manufacturer’s protocol.
2.5 PCR product purification
PCR product purification was carried out according to the QIAquick PCR purification kit 
protocol (Qiagen).
2.6 Ligation of DNA fragments into pGEM®-Teasy vector
PCR products were purified as described in Section 2.5. The sticky-ended fragments of 
the AEV 5’ UTR and mutated versions were ligated into the pGEM®-T Easy vector 
(Promega) in a 20 pi volume containing 2 pi of 10 X ligase buffer, 1 pi of T4 DNA ligase 
(Promega), 4 pi purified PCR fragment, 1 pi pGEM®-T Easy vector (20ng/ml) and 12 pi 
H2O. The ligation reactions were incubated overnight at 16 °C.
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PCR Reaction 1: Region
to be joined or mutated Template DNA
Fwd Primer /
5’' ‘Overlap Rev Primer
Overlap Fwd Primer
3’«
Correct fragments 
purified and mixed
5’ 13’ 5’
3’ 5’ 3’
PCR Reaction 2: 
The two fragments are 
joined together
Fwd Primer 1
5’' 3’
3’'
New constructs 
are made 1
5’
3’
5’
Rev Primer
3’
5’
5’
Rev Primer
3’
3’ >5’
Figure 2.1 Schematic diagram of overlap PCR to create mutation or join on a 
DNA sequence. Template DNA is amplified with two different overlap and 
external primers. After purification, the two newly made template DNAs are 
mixed and then another PCR reaction is performed to join the two DNA templates 
together. The method is based on that by Ho et al (1989).
74
2.7 Transformation of competent E xoli
A vial of competent E.coli DH5a cells (kindly prepared by Marion Chadd, University of 
Suney, SBMS) kept in liquid nitrogen was thawed on ice. Plasmid DNA (1 pi) or 
ligation reaction (5-10) pi was mixed with 50 pi of the bacteria in a pre-cooled eppendorf 
tube and incubated on ice for 30 min. The bacteria were heat-shocked at 42 °C for 45 sec 
then put on ice for 5 min to recover. Luria-Bertani (LB) broth (200pl, Appendix I I )  was 
added and the bacteria incubated at 37 ®C for 1 h. Cells were centrifuged at 8000 rpm for 
1 min and 200 pi of supernatant discarded. The pellet was resuspended in the remaining 
supernatant and spread onto LB agar plates containing ampicillin (50 pg/ml). In the case 
of transformation with the pGEM®-T Easy vector (Promega), the transformation was 
spread onto LB/ampicillin plates which also contained X-gal (20 %), and IPTG (0.1 M).
2.8 Minipreparation of plasmid DNA by the “phenol” method
From transformation plates (Section 2.7) single colonies (6-16) were picked and grown 
overnight at 37 °C in 5 ml LB broth plus antibiotic (50 pg/ml ampicillin). Prepared 
(cloudy) overnight cultures were selected; the bacterial cells (1.5 ml) were pelleted at 
8000 rpm for 1 min. The pellet was re-suspended in 100 pi re-suspension solution 
(Appendix I I ) .  The cells were lysed by adding 200 pi lysis solution (Appendix I I )  
Immediately, neutralisation solution (150 pi; Appendix I I )  was added and the samples 
placed on ice for 5 min, before centrifuging at 14000 rpm for 5 min. The supernatant was 
transferred to new tubes. The plasmid DNA was extracted using an equal volume of 
phenol/chloroform/isoamyl alcohol (25:24:1 v/v; Sigma), precipitated by 2.5 volumes of 
100% ethanol and incubated for 10 min at RT. The samples were centrifuged at 14000 
rpm for 15 min, the supernatant removed and the DNA pellet was washed with 70% 
EtOH (Section 2.14). The DNA pellets were re-suspended in 20 pi TE /RNAse A
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(Appendix II). To check the existence of fragments and their correct orientation, the 
plasmid DNA was digested by restriction enzymes (Section 2.9).
2.9 Restriction enzyme digestion
Analytical digests were caiiied out in a final volume of 20 pi. The reaction consisted of 
Ipg plasmid DNA, 2 pi restriction enzyme buffer and ip l restriction enzyme (10 u/pl) 
(Promega or New England Biolabs). The volume was made up to 20 pi with autoclaved 
water. The restriction digests were incubated at 37 °C for 2 h and analysed by agarose gel 
electrophoresis. Digests in a final volume of 50 pi were perfoimed when fragments were 
required for subsequent cloning steps. In these reactions, 10 pg of plasmid DNA was 
used.
2.10 Dephosphorylating restriction enzyme-digested plasmid DNA
Calf intestinal alkaline phosphate (2 units; Boelninger Mannheim) was added directly to 
the restriction digests and incubated at 37 '’C for 30 min. The reaction was stopped by 
incubating on ice for 5 min.
2.11 Ligation of fragments into pGEM-CAT/LUC vector
The cDNA fragments (containing BamHI sites at the 5’ and 3’ ends) were isolated from 
pGEM®-T Easy vector by digestion with BamHI (Section 2.9). The fragments were 
ligated into similaily digested pGEM-CAT/LUC vector between the CAT and LUC open 
reading frames (van der Velden et al., 1995). Ligation reactions were performed in a final 
volume of 20 pi. The reaction contained 100 ng of the pGEM-CAT/LUC vector which 
had been linearized by BamHI (Section 2.9), dephosphorylated (Section 2.10) and gel 
extracted (Section 2.4), 200 ng fragment, 2 pi lOx T4 DNA ligase buffer (Promega) and 1 
pi T4 DNA ligase (Promega). The volume was made up to 20pl with autoclaved water.
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The reactions were incubated overnight at 16 °C. The ligation reactions were minipreped 
as explained in Section 2.8.
2.12 Plasmid DNA Miniprepration (QIAGEN Kit)
The QIAGEN plasmid miniprep kit was used to extract plasmid DNA from bacteria as 
described in the manufacturer’s protocol.
2.13 Sequencing plasmid DNA
After miniprepration using the QIAGEN kit (Section 2.12), the concentration of plasmid 
DNA was measured using both UV light at 260/280 nm in a UV 1101 Biotech 
photometer (WPA) and agarose gel electrophoresis. At least lOOng/pl of the plasmid 
DNA and a specific sequencing primer (LUC reverse, Appendix I I I )  (10 pi of 30 pM 
solution) were sent to Lark Company for sequencing,
2.14 Plasmid Midipreparation
Midipreparation of plasmid DNA was achieved by the Qiagen Midiprep Kit, according to 
the manufacturer’s protocol. The DNA was then precipitated using 2.5 volumes 100% 
EtOH and 1/10^  ^ volume 2M NaAC at -20 °C for at least 30 min, the solution was 
centrifuged at 14000 rpm for 15 minutes at 4 “C and the pellet washed in 100 pi 70% 
EtOH. The pellet was allowed to air dry and resuspended in an appropriate amount of 
autoclaved distilled water. The DNA was quantified using both UV light at 260/280 nm 
in a UV 1101 Biotech photometer (WPA) and agarose gel electrophoresis (Section 2.3).
2.15 Production of mRNA transcripts in viti'o
The various constracts of the form pGEM-CAT/IRES/LUC (5 pg) and pXLJ/HCV/NS’ 
[kindly provided by Professor R. Jackson, University of Cambridge and described in
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Reynolds et al (1995) containing nt 40-372 of the HCV genome], were linearized with 
Xhol (Promega) and EcoRl (Promega) restriction enzymes respectively, in a 50 pi 
reaction. The volume was made up to 100 pi with nuclease free water. After purification 
with phenol/chlorofoim and precipitation with EtOH and NaOAC (Section 2.14), the 
DNA was resuspended in a final volume of 10 pi sterile nuclease free water. Linearized 
template (4 pi) was combined with 2 pi lOx Reaction buffer, 2 pi ATP, 2 pi GTP, 2 pi 
CTP, 2 pi UTP and 2 pi T7 RNA polymerase enzyme (Ambion) and the total volume was 
made up to 20 pi with sterile nuclease free water. Transcription reactions were incubated 
at 37 °C for 4 h. The reaction was treated with DNase enzyme (Ipl: Ambion) for 15 min 
at 37 °C. Then, 115 pi sterile nuclease-free H2O and 15 pi Ammonium Acetate (5M, 
Ambion) were added and the samples placed on ice to stop the enzymatic reaction.
2.16 Phenol/chloroform purification of RNA
To purify RNA from solution, an equal volume of phenol/chloroform/isoamyl alcohol 
(25:24:1 v/v; Sigma) was added to each reaction and the sample vortexed briefly. The 
reactions were centrifuged for 1 min at 14000 rpm and the aqueous phase was transferred 
to a fresh tube. RNA was precipitated with an equal volume of isopropanol o/n. The 
samples were centrifuged at 14000 rpm for 15 minutes at 4 ®C. The supernatant was 
removed and after air drying, the pellet was resuspended in 40 pi sterile nuclease-free 
H2O. The RNA was loaded in 2 x loading buffer (Ambion) and ran an on agarose gel and 
was quantified at 260/280 nm using a UV 1101 Biotech Photometer (WPA).
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2.17 Translation of mRNA transcripts in the rabbit reticulocyte lysate 
system (RRL)
Rabbit reticulocyte lysate (17.5 pi), 0.5 pi amino acid mixture minus methionine, 1 pi 
Redivue ^^S-labelled methionine (500 pCi, Amersham), 0.5 pi RNasin®ribonuclease 
inhibitor and 1 pg RNA were combined and the total volume of the reactions were made 
up to 25 pi with nuclease free water. The reactions were incubated at 30 °C for 90 min 
according to the manufacturer’s instructions (Promega).
To analyse the samples, 4 pi of each sample was mixed with 10 pi 3 x SDS sample buffer 
(New England BioLabs), 1 pi DTT 30 x reducing agent (New England BioLabs) and 15 
pi nuclease free water. The samples were boiled for 5 min at 100 °C and were subjected 
to SDS-PAGE analysis (Section 2.23).
2.18 Translation of mRNA transcripts in the Flexi® rabbit reticulocyte 
lysate system (RRL)
Reactions containing Flexi® Rabbit reticulocyte lysate (16.5 pi), 0.5 pi amino acid 
mixture minus methionine, 1 pi Redivue ^^S-labelled methionine (500 pCi, Amersham), 
0.5 pi RNasin® ribonuclease inliibitor and 1 pg RNA were supplemented with different 
concentrations of KCl and the total volume of the reactions were made up to 25 pi with 
nuclease free water. The values for different concentrations of KCl are given in the legend 
to each figure in Chapter 4. The reactions were incubated at 30 °C for 90 min according 
to the manufacturer’s instructions (Promega).
To analyse the samples, 4 pi of each sample was mixed with 10 pi 3 x SDS sample buffer 
(New England BioLabs), 1 pi DTT 30 x reducing agent (New England BioLabs) and 15
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pi nuclease free water. The samples were boiled for 5 min at 100 “C and were subjected 
to SDS-PAGE analysis (Section 2.23).
2.19 Coupled transcription and translation (TNT) in rabbit reticulocyte 
lysate system (RRL)
Rabbit reticulocyte lysate, (TNT Quick Coupled Transcription /Translation system, 
Promega, 6.5 pi)) was combined with 1 pg plasmid DNA and 0.5 pi Redivue ^^S-labelled 
methionine and the total reaction volume was made up to 10 pi with nuclease free water. 
The reaction was incubated at 30 °C for 40 min. The samples were analysed by SDS- 
PAGE and autoradiography (Section 2.23).
2.20 Maintenance of mammalian cell lines
Baby hamster kidney (BHK) fibroblast cells were grown in 75 c i#  cell culture flasks in 
Glasgow MEM (GibcoBRL) including L-Glutamine (292 mg/1), supplemented with 10 % 
foetal bovine semm (FBS, GibcoBRL), 10% Triptose phosphate broth (GibcoBRL) and 
penicillin/streptomycin (100 lU/ml, 50 pg/ml).
Human Hela epithelial cells were grown in 75 cm^ cell culture flasks in Minimum 
Essential Media with Earle’s salts (MEM; GibcoBRL) including L- Glutamine (292 
mg/1), supplemented with 10 % FBS, 1 % non-essential amino acids (GibcoBRL) and 
penicillin/streptomycin (100 IU/ml-50 pg/ml).
Human osteosarcoma TK-143 (TK-) cells and human embryonic kidney epithelial cells 
(HEK 293) were grown in 75 cm^ cell culture flasks in Dulbeccos Modified Eagles 
Media (DMEM; GibcoBRL) including 862 mg/1 of L-Glutamine and pymvate (110 mg/1),
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supplemented with 10 % foetal bovine serum (FBS; GibcoBRL) and
penicillin/streptomycin (100 IU/ml-50 pg/ml).
Cells were grown at 37 °C with 5 % caibon dioxide in a LEEC incubator. When cells 
were approximately 80-90 % confluent, the growth media was removed and the 
monolayer cells were washed with 5 ml of 1:10 (v/v) warm trypsin/versine. The cells 
were incubated with 5 ml trypsin/versine for 2-5 min at 37 °C until the cells detached 
from the bottom of the flask. Growth media (5 ml) was added to remove the cells and the 
cells were centrifuged at 2500 rpm for 3 min. The media was removed and the pellet was 
resuspended in 10 ml media and 1 ml was used to seed a 75 cm^ flask containing 19 ml 
appropriate media.
2.21 Production of recombinant vTF7-3 virus
A recombinant vaccinia viras, vTF7-3 (Fuerst et al, 1986) was used to express T7 RNA 
polymerase in mammalian cells. In order to prepare a vaccinia virus vTF7-3 stock, 500 pi 
of viras stock in 25 ml DMEM+HEPES was added to a 175 cm^ tissue culture flask of 
human TK-143 cells and incubated for 1 h. Growth media (50 ml) was added and the 
cells were incubated at 37 °C for 24 h. The cells were freeze-thawed three times and 
aliquots stored at -20 ®C. To deteimine the optimum volume giving the maximum reading 
in the LUC assay, different volumes of the virus were assayed in the transient expression 
system (Section 2.22).
2.22 Transfection of plasmid DNA into mammalian cells (Transient 
expression system)
Small (35 mm) dishes were seeded with BHK, HeLa, HEK 293 or TK-143 cells (Section 
2.20). Once at 80 % confluency, 25 pi vTF7-3 (Fuerst et al., 1986) was added and
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incubated for 1 h at 37 °C and 5% CO2 . For each dish, 8 pi Lipofectin Reagent 
(Invitrogen) was mixed with 192 pi Optimem (GibcoBRL) and incubated at room 
temperature for 15 min. Plasmid DNA (2 pg) or in the case of co-expression with 2A 
protease, 0.2 pg of pAA802 (Kaminski et al., 1990) or pGEM3Z/Jl (Sakoda et al., 2001) 
plasmids that express polioviras 2A and the SVDV 2A protease respectively, were added 
to 200 pi distilled autoclaved water. The solutions were added to the lipofectin/optimem 
mixture and incubated for 15 min at RT. The inoculum was removed, the cells were 
washed with 1 ml serum free media and 400 pi of the above solution was added to each 
dish. The cells were incubated for 5 h at 37 °C and rocked every 30 min.
Growth media (2ml) was added to each dish and the cells were incubated for 16 h until 
they were haiwested in 400 pi of Lysis buffer (Promega). The harvested cells were 
centrifuged at 14000 ipm for 5 minutes at 4 °C using the refrigerated bench top 
centrifuge. The lysates (supernatants) were subjected to CAT and LUC assays (Section 
2.25 and 2.26) and Western-blotting (Section 2.24).
2.23 SDS-PAGE
Acrylamide gels (10% and 6.5%; Laemmli 1970; and Appendix I )  were used. Mini gels 
(Biorad) were ran at 100 V, large (30 ml) gels were ran at 200 V. Mini gels were used in 
Western blot analysis as outlined below. Large gels were used for autoradiography with 
^^S-Methionine, were stained with Coomasie blue stain (Appendix I I ) ,  destained in 20 % 
methanol, 7.5 % glacial acetic acid (Appendix I I )  and dried using a model 583 gel dryer 
(BioRad) for 2 h and exposed to Fuji medical X-ray film (New England BioLabs).
82
2.24 Western blot analysis
Cell extracts from in vivo transfections were subjected to SDS-PAGE as outlined above. 
Proteins were transferred to Immobilon-P membranes (Millipore Corp) at 100 V/400 mA 
for 90 min in Tris/glycine/methanol buffer (Appendix II).
Membranes were blocked overnight in 5 % Marvel (w/v) in 1 % TBS + 0.1 % Tween 
(Appendix II). Proteins were detected using anti-CAT primary rabbit antibodies (Sigma, 
1:1000), anti-LUC primary goat antibodies (Promega, 1:1000) and anti-eIF4G primary 
rabbit antibodies (Edf: a gift from Dr Simon Morley, University of Sussex, 1:2000). 
Membranes were incubated with primary antibody for 1 h with continuous shaking. 
Membranes were washed in 1 % TBS + 0.1 Tween (2 x 30 sec and 2 x 10 min). This was 
followed by 1 h incubation with peroxidase linked donkey anti-rabbit IgG (1:3000, 
Amersham) or rabbit anti-goat Immunoglobulins (1:1000, DakoCytomation). Washes 
were repeated and the signal developed using chemiluminescence reagents as outlined in 
the manufacturer’s protocol (Super Signal West Pico chemiluminescent substrate. Pierce).
2.25 Luciferase assay
The luciferase assay was carried out on cell lysates from transfection of DNA into 
mammalian cells. Cell extract (10 pi) was added to 100 pi of the LUC assay substrate 
luciferin (Promega) and the luminescence was measured with a Bio-orbit luminometer 
(Labtech). The values aie shown as arbitrary units.
2.26 Chloramphenicol Acetyl Transferase (CAT) assay
Lysates from transfection of mammalian cells were diluted in water (1:100) and 10 pi of 
this solution combined with 200 pi CAT ELISA sample buffer (Roche). The CAT assay
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was followed according to the CAT ELISA kit protocol (Roche). Results were read at 405 
nm using an ELISA plate reader (Labsystems Multiskan® BICHROMATIC),
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Chapter 3 
Characterization of the AEV 5’ UTR
3.1 Introduction
The mechanism of internal initiation on picornaviras mRNA as well as non-picomaviral 
mRNAs has been an interesting topic in molecular biology since 1988 (Pelletier and 
Sonenberg, 1998). So far, cap-independent translation and the mechanism of internal 
initiation have been demonstrated for members of all known genera of picomaviruses. 
The whole genome of AEV (an avian picornaviras) was previously sequenced and 
proteins found to share significant homology with those of Hepatitis A virus (HAV), 
suggesting that it could be assigned with HAV in the Hepatovims genus within the 
Picornaviridae (Maiwil et al., 1999). As the HAV 1RES displays some unusual properties 
compared to other picornaviras 1RES elements such as requirement for intact eIF4G, we 
wished to study the mechanism of translation initiation on AEV RNA.
To test for the existence of an 1RES element within the AEV 5’ UTR and to determine its 
characteristics, the 5’ UTR was isolated by overlap PCR (Section 2.2) and was cloned 
into the dicistronic reporter vector pGEM-CAT/LUC (Section 2.11) between the two 
open reading frames.
The AEV 5’ UTR element was analysed both in vivo in different mammalian cell lines 
and in in vitro transcription-translation assays. Further characterization of the AEV 1RES 
element is also described in this chapter.
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3.2 Assaying AEV 1RES activity in vivo and in vitro
The plasmid pGEM-CAT/LUC contains a T7 promoter followed by chloramphenicol 
acetyl transferase (CAT) and Luciferase (LUC) ORFs, each of them has its own initiation 
codon. The translation of the upstream ORF (CAT) is cap-dependent while translation of 
the downstream ORF (LUC) is directed by insertion of a functional 1RES element 
between the ORFs. To characterise the AEV 1RES element, the plasmid pGEM- 
CAT/LUC containing the AEV 5’ UTR was assayed in vitro and in vivo.
3.3 Methods
To isolate the AEV 5’UTR, 3 PCRs were performed. Firstly, 2 fragments of the AEV 
5’UTR from cDNA clones (gift from Dr I Tarpey, Intervet) of parts of the AEV genome 
(nucleotides 1 to 266 and 238 to 494) were amplified by PCR 1 and PCR2 (See 
Appendix I I I  for AEV 5’ UTR sequence). Primer sequences (Sigma Genosys) are given 
in Table 3.1. Reactions consisted of: 5 pi DNA, 2 pi 5rnM dNTPs (Promega), 1 pi of 
each primer [forward 1 and reverse 266 (PCRl); forward 238 and reverse 494 (PCR2)], 5 
pi lOx Taq DNA Polymerase buffer (Promega) and 1 pi Taq DNA Polymerase 
(Promega). Cycle details are shown in Table 3.2.
After PCR product purification (Section 2.5) and gel extraction (Section 2.4), overlap 
PCR was performed to join the 2 pieces of cDNA as follows: 73 pi H2O, 5 pi DNA (nt 
238 to 494), 5 pi DNA (nt 1 to 238), 4 pi 5 mM dNTPS, 1 pi forward 1 primer, 1 pi 
reverse 494 primer, 10 pi Taq DNA Polymerase buffer (Promega) and 1 pi Taq DNA 
polymerase (Promega). Table 3.3 shows cycle details for overlap PCR. The PCR product 
was analysed on an agarose gel to check its correct size (Section 2.3).
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Primers S equ en ces
AEV Forward 1 ATATGGATCCTTTGAAAGAGGCCTC
AEV Forward 238 TGTAGTATGGGAATCGTGTATGGGGATGA
AEV Reverse 494 ATATGGATCCGTTTAAATTGCTACCCT
AEV Reverse 266 TCATCCCCATACACGATTCCCATACTACA
AEV Forward 100 ATGGATCCTCCCGCATGGCAAGG
AEV Forward 200 ATGGATCCATCCCTTTGCGTTTC
AEV Reverse 294 ATGGATCCACACCTATCCCTCTA
AEV Reverse 394 ATGGATCCATACACCGTAACAAT
AEV Reverse 524 ATGGATCCCTTGCCTACAGTAGA
Table 3.1 Sequences (5’-3’) of primers used for PCR reactions to isolate the AEV 5’ 
UTR, truncated versions and AEV 5’ UTR + open reading frame. Primers were 
obtained from Sigma Genosys Ltd. Underlined are the BamHI restriction enzyme sites 
included in the primers for cloning purposes.
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Step Conditions for PCR 1 and 2
1 95° C for 5 min
2 94° C for 1 min
3 60° C for 1 min
4 72° C for 1 min
5 Repeat from step 2x30
6 72° C for 10 min
Table 3.2 PCRl and 2 cycle details
Step Conditions for Overlap PCR
1 95° C for 5 min
2 94° C fo r i min
3 55° C for 1 min
4 72° C for 1 min
5 Repeat from step 2x25
6 72° C for 10 min
Table 3.3 Overlap PCR cycle details
The purified PCR products were ligated into the pGEM -T Easy vector (Promega), 
followed by BamHI restriction enzyme digestion. The derived fiagments were cloned into 
the 5^zmi7/-digested and phosphatase-treated pGEM-CAT/LUC vector (Section 2.11). 
Plasmids pGEM-CAT/AEVs/LUC and pGEM-CAT/AEVas/LUC containing the AEV 5’ 
UTR (nt 1-494) in the sense and anti-sense orientation, respectively, were constracted as 
shown in Figure 3.1, The resulting plasmids were sequenced to verify the correct 
sequence was present.
3.4 Results
3.4.1 Analysis of the AEV 5’ UTR in the mammalian coupled 
transcription-translation system (TNT)
The plasmid pGEM-CAT/AEVs/LUC containing the AEV 5’ UTR was analysed in the 
RRL TNT system (Section 2.19). Plasmids pGEM-CAT/EMCV/LUC containing the 
EMCV 1RES, pGEM-CAT/LUC (no 1RES) (van der Velden et al., 1995) and pGEM- 
CAT/AEVas/LUC containing AEV 1RES in antisense orientation, were also assayed as 
control samples (Figure 3.2). The products (4pl) were subjected to SDS-PAGE analysis 
(10 %) followed by autoradiography (Section 2.23). As expected, the upstream ORF 
(CAT) was efficiently expressed in all samples. The EMCV 1RES element, which is 
known to have efficient 1RES activity, was used as a positive control and directed 
efficient luciferase expression. Insertion of the AEV 5’UTR (494 nt) between the CAT 
and LUC sequences also resulted in the expression of the downstream cistron. These 
results suggest that the AEV 5’ UTR contains an 1RES element which functions 
efficiently in this system (Figure 3.2). In the absence of the AEV 5’ UTR (CAT/LUC), 
translation of the LUC ORF was very low, probably due to re initiation
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Figure 3.1 Diagram of plasmid constructs containing AEV 1RES sequences. The AEV
5’ UTR, truncated versions and the AEV 5’ UTR+ 30 nt of ORF sequence were isolated by 
PCR. The fragments were cloned between the two reporter sequences by restriction enzyme 
digestion {Bam HI). Numbers correspond to the nucleotide numbers of the AEV sequences ( 1 
to 494 being the whole 5’ UTR).
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Figure 3.2 AEV 1RES activity in coupled transcription-translation system (TNT). RRL 
(TNT) reactions were performed using 1 pg plasmid DNA to compare AEV 1RES activity 
(AEVs) with a no 1RES control (CAT/LUC), antisense AEV 1RES (AEVas) and a positive 
control (EMCV 1RES) plasmids (Section 2.19). TNT reactions (4 pi) were subjected to SDS- 
PAGE (10 %) and an autoradiograph is shown (Section 2.23). CAT and LUC proteins are 
indicated. The results are representative of 3 independent experiments in TNT system.
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or read through of the ribosomes. Insertion of the AEV 5’ UTR in the anti-sense 
orientation (AEVas) led to a complete lack of 1RES activity as expected.
3.4.2 Translation of mRNA transcripts in RRL in vitro 
translation system
In order to control for any cryptic promoter activity within the AEV 5’ UTR, mRNA 
transcripts were synthesised in vitro using T7 RNA polymerase and these were translated 
in the RRL system. Plasmid DNAs (pGEMCAT/LUC, pGEMCAT/EMCV/LUC, 
pGEMCAT/AEVs/LUC and pGEMC AT/AEV as/LUC) were firstly linearized with Xhol 
(Promega). The linearized plasmids were transcribed into mRNAs (Section 2.15). The 4 
mRNAs and a no RNA control were translated in the rabbit reticulocyte lysate system 
(Section 1.17). The products (4pl) were analysed by 10 % SDS-PAGE followed by 
autoradiography for CAT and LUC expression (Section 2.23). In comparison to the 
activity of the EMCV 1RES element, the AEV 5’ UTR also showed efficient 1RES 
activity, while the AEV 5’ UTR anti-sense constmct and the empty pGEM-CAT/LUC 
plasmid did not direct LUC expression, as expected. The upstream ORF (CAT) was 
expressed efficiently in all samples (Figure 3.3). These results also suggest that the AEV 
5’ UTR contains an 1RES element which functions in RRL.
3.4.3 Analysis of AEV 1RES activity in mammalian cell lines
In order to analyse AEV 1RES activity in cells, plasmids pGEM-CAT/LUC, pGEM- 
CAT/EMCV/LUC, pGEM-CAT/AEVs/LUC and pGEM-CAT/AEVas/LUC were 
transfected into Hela, TK-143 (TK-) and HEK 293 cell lines (transient expression system; 
Section 2.22), LUC expression was quantified by the luciferase assay (Section 2.25)
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Figure 3.3 AEV 1RES activity in RRL in vitro translation system. RRL
translation reactions were programmed with 1 pg mRNA (Section 2. 17). 
Translation reactions (4 pi) were analysed by SDS-PAGE on a 10 % gel and 
exposed to X-ray film (Section 2.23), an autoradiograph is shown. CAT and LUC 
proteins are indicated. The results are representative of three independent 
experiments in RRL.
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Figure 3.4 AEV 1RES activity in HEK 293 cells. (A) Reporter plasmids containing the 
AEV 1RES element in the sense orientation (AEVs), the EMCV 1RES element 
(EMCV), the AEV 1RES element in the antisense orientation (AEVas), no 1RES 
(CAT/LUC) and a no DNA sample were transfected into vTF7-3-infected HEK 293 
cells (Section 2.22). The lysates were harvested and analyzed by 10 % SDS-PAGE 
(Section 2.23) followed by Western blotting (Section 2.24). CAT and LUC proteins are 
indicated. (B) LUC expression was also quantified by luciferase assay (Section 2.25). 
Results are presented as ± standard error three transfections and they were standardized 
to expression directed by EMCV 1RES element which has been set at 100.
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(Figure 3.4) and CAT expression by CAT assay (Section 2.26; data not shown). 
Consistent with the in vitro studies, the AEV 5’ UTR was able to direct LUC expression 
efficiently in all mammalian cell lines tested. The lysates from HEK 293 cells were also 
analysed by 10 % SDS-PAGE (Section 2.23) and Western blotting (Section 2.24), for 
CAT and LUC expression. The AEV 1RES element showed strong activity in the 
different cell lines. The lack of an 1RES resulted in very little translation of the 
downstream ORE as expected. Similarly, the anti-sense orientation of the AEV 1RES 
element resulted in no expression of LUC. However, the upstream gene (CAT) was 
expressed efficiently in all samples, as expected.
3.5 The AEV 1RES element does not require intact eIF4G
Unlike the other picomavirus 1RES elements, the HAV 1RES does not function in the 
presence of cleaved eIF4G following picomavirus 2A or L protease treatment. As AEV is 
cunently classified within the hepatovims genus, we analysed the eIF4G requirement of 
the AEV 1RES. Plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM- 
CAT/AEVs/LUC and pGEM-CAT/AEVas/LUC were co-expressed with plasmids 
pAA802 or pGEM3Z/Jl, which express the poliovims and SVDV 2A proteases, 
respectively, in Hela, HEK 293, BHK and TK-143 (TK-) cells (Section 2.22). Lysates 
were analyzed by Western Blotting (Section 2.23 and 2.24).
As expected, cap-dependent expression of the upstream CAT ORE was inhibited in the 
presence of 2A protease in all cell lines. Consistent with previous studies showing that the 
type II 1RES elements are moderately stimulated by PV 2A  protease (Boiman at al., 1997; 
Roberts et al., 1998), co-expression of SVDV 2A protease with the EMCV 1RES element 
slightly stimulated EMCV 1RES activity in our system. Co-expression of either SVDV or 
PV 2A protease in TK-143 (TK-) cells (Figure 3.5) and Human Hela cells (Figure 3.6)
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Figure 3.5 The AEV 1RES functions in the presence of 2A pro tease in TK-143 
(TK-) cells. Plasmid DNA (2pg) containing the EMCV, AEVs, AEVas 1RES 
elements and CAT/LUC were co-transfected with plasmid pGEM3Z/J 1 (0.2pg) which 
expresses SVDV 2A protease (Section 2.22 ). Cell lysates were analysed by Western 
blot (Section 2.23) for CAT and LUC expression. The results are representative of 
three independent experiments in TK-143 (TK-) cells.
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Figure 3.6 The AEV 1RES functions in the presence of 2A protease in Hela 
cells. Plasmid DNA (2pg) containing the EMCV, AEVs, AEVas 1RES elements 
and CAT/LUC were co-transfected with plasmid pAA802 (0.2pg) which expresses 
poliovims 2A protease (Section 2.22). Cell lysates were analysed by SDS-PAGE 
(Section 2.23) and Western blot (Section 2.24) for CAT and LUC expression. The 
results are representative of 3 independent experiments in Hela cells.
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Figure 3.7 The AEV 1RES functions in the presence of 2A protease in BHK 
cells. Plasmid DNA (2 pg) containing the EMCV, AEVs, AEVas 1RES elements 
and pGEM3Z/J 1 plasmid (0.2pg) which expresses SVDV 2A protease (Section 
2.22 ) were transfected into cells. Cell lysates were analysed by SDS-PAGE 
(Section 2.23) and Western blot (Section 2.24) for CAT and LUC expression. The 
results are representative of two independent experiments in BHK cells.
98
did not inliibit AEV 1RES activity. However, co-expression of the AEV 1RES element 
with SVDV 2A protease resulted in stronger 1RES activity in BHK cells (Figure 3.7).
To ensure that eIF4G was cleaved in cells expressing the 2A protease. Western Blot 
analysis (Section 2.23 and 2.24) was performed to detect cleaved or uncleaved eIF4G. As 
can be seen in Figure 3.8, eIF4G was cleaved during the transfection, confinning that the 
AEV 1RES element is still functional in the presence of cleaved eIF4G. These results 
suggest that, unlike HAV, the AEV 1RES element functions in the presence of cleaved 
eIF4G.
3.6 Defining the boundaries of the AEV 1RES element
The extreme 5’ end of the picomavirus genome is not commonly considered as part of the 
1RES element. Indeed, a length of 450 nt towards the 3’ end of the 5’ UTR serves to 
function as an 1RES element in most cases. Our initial work on the AEV 5’ UTR revealed 
that it contains an 1RES element that is able to direct translation of the downstream ORE 
within the dicistronic plasmid pGEM-CAT/LUC. To delineate the boundaries of the 1RES 
within the AEV 5’ UTR and to find the minimal sequence required for 1RES activity, 
truncated versions of the AEV 5’ UTR were analyzed in vitro and in vivo.
3.7 Methods
In order to create deletions from the 5' and 3’ends of the AEV 5’ UTR, four PCRs were 
performed (Section 2.1). Primers including BamHI restriction sites are listed in Table 
3.1 Therefore, tmncated versions of the AEV 5’ UTR containing nucleotides 1 to 294, 1 
to 394, 100 to 494 and 200 to 494 were isolated. Table 3.4 shows the PCR conditions for 
deletion mutagenesis of the 5’ UTR. The PCR products were analyzed on an agarose gel 
to check their correct sizes (Section 2.3).
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Figure 3.8 Cleavage of eIF4G by 2A protease in TK-143 (TK-) cells. Plasmid 
DNA (2|Lig) containing the EMCV, AEVs 1RES elements and pGEM-CAT/LUC 
were co-transfected with pGEM3Z/Jl plasmid (0.2pg) which expresses SVDV 
2A  protease (Section 2.22 ) into TK-143 (TK-) cells. Cell lysates were analysed 
by 6.5 % SDS-PAGE (Section 2.23) and Western blot (Section 2.24) to detect 
intact and cleaved eIF4G (Ct).
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Step Conditions for PCR to create AEV 1RES 
mutants
1 95° C for 5 min
2 94° C for 1 min
3 50° C for 1 min
4 72° C for 1 mill
5 Repeat from step 2x30
6 72° C for 10 min
Table 3.4 PCR cycle details to create deletion mutants
The PCR products were sub-cloned into the pGEM®-T Easy vector (Promega) before 
being digested with BamHL The truncated versions of the AEV 5’ UTR were ligated into 
BamHI-digested and phosphatase-treated pGEM-CAT-LUC vector (Section 2.11). As a 
result, plasmids pGEM-CAT/AEVml/LUC (nt 1-294), pGEM-CAT/AEVm2/LUC (nt 1- 
394), pGEM-CAT/AEVm3/LUC (nt 100-494), pGEM-CAT/AEVm4/LUC (200-494), 
were constructed as shown in Figure 3.1.
The new constructs, plus pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM- 
CAT/AEVs/LUC and pGEM-CAT/AEVas/LUC were expressed in vitro in the TNT RRL 
system (Section 2.19) and in vivo (Section 2.22) in TK-143 (TK-) cells.
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3.8 Results
The results from analysis in the coupled transcription and translation system showed that 
the plasmids pGEM-CAT/AEVml/LUC and pGEM-CAT/AEVm2/LUC including nt 1 to 
294 and 1 to 394, respectively, did not direct any LUC expression (Figure 3.9). On the 
other hand, the plasmid pGEM/CAT/AEVm3/LUC containing nt 100 to 494 could still 
direct LUC expression in vitro, and the plasmid pGEM-CAT/AEVm4/LUC containing nt 
200 to 494 of the AEV 1RES showed very little 1RES activity. As can be seen in Figure 
3.9, all the constracts expressed the upstream ORE (CAT). These results suggest that 
deletion of 3’ end sequences of the AEV 1RES element results in inhibition of 1RES 
activity. However, up to 100 nt of the 5’ end may be deleted with only a slight effect on 
1RES activity, suggesting that the 1RES element lies between nt 100 to 494.
The results from expression of the same plasmids in TK-143 cells (Section 2.22) were 
consistent with tlie in vitro data. The mutant pGEM/CAT/ni3/LUC containing nt 100 to 
494 directed efficient expression of the LUC ORE, (about 40 % activity vs the wild type 
1RES element). The mutant pGEM-CAT/m4/LUC containing nt 200 to 494 showed very 
little activity. Deletion of 3’ end sequences inhibited 1RES activity, as seen in the TNT 
system. As expected CAT, was expressed efficiently from all constructs (Figure 3.10). 
These results suggest that the functional 1RES lies between nt 100 to 494.
3.9 Sequence comparison of the AEV, HCV, PTV-1 and PEV-81RES 
elements
As shown above, the AEV 1RES element shows very different characteristics to the HAV 
1RES element. We therefore analysed its similarity to other 1RES elements. Analysis of 
the nucleotide sequence of the AEV, HCV, and the HCV-like 1RES element of the
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Figure 3.9 Deletion analysis of AEV 1RES element in vitro. RRL (TNT) reactions were 
performed using 1 pg dicistronic plasmid DNAs (Section 2.19) containing EMCV, AEV 
and 4 truncated mutants including AEVml(nt 1-294), AEVm2 (nt 1-394), AEVm3 (nt 100- 
494) and AEVm4 (nt 200-494). TNT reactions (4 pi) were subjected to SDS-PAGE (10 %) 
and autoradiography (Section 2.23). CAT and LUC proteins are indicated. The results are 
representative of two independent experiments in TNT system.
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Figure 3.10 Deletion analysis of AEV 1RES element in vivo. Dicistronic reporter 
plasmids containing the AEV 1RES element and the 4 deletion mutants including AEVml 
(nt 1-294), AEVm2 (nt 1-394), AEVm3 (nt 100-494) and AEVm4 (nt 200-494) were 
transfected into TK-143 (TK-) cells. The results from SDS-PAGE (10 %) (Section 2.23) and 
Western blot (Section 2.24) analysis are compared with the luciferase assay (Section 2.26). 
The results are representative of three independent experiments in TK-143 (TK-) cells.
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picomavimses PTV-1 and Porcine enterovims-8 (PEV-8) 1RES elements revealed areas 
of striking similarities, especially in the region of the ribosome binding site. To determine 
the relationship between the AEV, PTV-1, PEV-8 and HCV 1RES elements, the 
nucleotide sequences of these 1RES elements were aligned using the Clustal W 
programme (lrttp://www.ebi.ac.uk/clustalw/) and manually edited. The EMBL accession 
numbers for these sequences are AEV: AJ225173, PTV-1: AB038528, PEV-8: 
AF406813, HCV: AB016785.
The HCV, PTV-1 and PEV-8 1RES elements have been suggested to lie within nt 44-345, 
nt 121-412 and 119-444 of their respective 5’ UTRs (Honda et al., 1996a; Pisarev et al., 
2004; Chard et al., 2006b). Alignment of these specific regions was carried out 
individually with the conesponding area, domain II and III (nt 166-494) of the AEV 
1RES element. In addition, to determine the sequence identity of 5’ UTRs of different 
strains of AEV including Calnek (EMBL accession number: AJ225173), L2Z (EMBL 
accession number: AY275539) and Van Roekel (EMBL accession number: AY517471), 
alignment of nucleotide sequences of this region was performed,
3.10 Results
Comparison of the AEV 1RES sequence with those from HCV, PTV-1 and PEV-8 
revealed a high sequence identity between them; 48.1 % identity with HCV, 42.2 % 
with PTV-1 and 46.5 % with PEV-8 as indicated in Figure 3.11, 3.12 and 3.13. These 
high values suggest that their 1RES elements are significantly related. Individual domains 
associated with the HCV, PTV-1 and PEV are identified on the alignments, these strongly 
suggest that the corresponding domains exist within the AEV 1RES element. Particularly, 
domains Illd, Ille and Illf (pseudoknot structure), which play an essential role for 
ribosome recmitment onto the HCV 1RES element (Honda et al., 1996a; Lukavsky et al.,
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nt 44
HCV ------------------------------------------------------------- CCTGTGAGGAACTACTGT-CTTCACGCAGAAAGCG
AEV TAAGCCCCATAGAAACGAGGCGTCACGTGCCGAAAATCCCTTTGCGTTTCACAGAACCAT166 * * * ★* * * * * *  * * * * * *
Domain II
HCV TCTAGCCATGGCGTTAGTATGAGTGTCGTGCAGCCTCCAGGCCCCCCCCTCCCG-GGAGA
AEV CCTAACCATGGGTGTAGTATGGGAATCGTGTATGGGGATGATTAGGATCTCTCGTAGAGG
* * * * * * *  *  * * * * * *  *  * * * * *  *  *  *
...........................  Domain II   1 "
|- Domain Ilia— ]
HCV GCCATA-GTGGTCTGCGGAACCGGTGAGTACACCGGAATTGCCA GGACGACCGG--------
AEV GATAGGTGTGCCATTCAAATCCAGGGAGTACTCTGGCTCTGACATTGGGACATTTGATGT
*  *  *  *  *  *  *  * * * * * * * * * * * * *  *  *  *  *  *  *  *  *  *
Domain llla
Domain Illb Domain IIlc
HCV GTCCTTTCTTGGATCAAT-CCCGCTCAATGCCTGGAGATTTGGGCGTGCCCCCGCGAGAC
AEV AACCGGACCTGGTTCAGTATCCGGGTTGTCCTGTATTGTTACGGTGTATCCGTCTTGGCA** *!******!* * * * * * * * * * * * * * * 
Domain Illb I Domain IIIc |
I Domain Hid........ .........1 | Domain Hie |
HCV TGCTAGCCGAGTAGTGTTGGGTCGCGAAAGGCCTTGTGGTACTGCCTGATAGGGTG-CTT
AEV CACTGAAAGGGTATTTTTGGGT------------------AATCCTTTCCTACTGCCTGATAGGGTGGCGT
* *  *  *  *  *  *  * * * * * *  *  *  *  * * * * * * * * * * * * * * * * *  *  *
I  Domain Hid----------------1 | Domain Hie | —■
nt 341
HCV GCGAGTGCCCCGGGAGGTCTCGTAGACCG— TGCACCATG
AEV GCCCG-GCCACGAGAGATTAAGGGTAGCAATTTAAACATG
* *  * * * * * * * * * *  *  *  *  *  * ^ *  *  *  *
nt 494
Figure 3.11 Sequence alignment of the HCV and AEV 1RES elements. Sequences 
were aligned using Clustal W and manually edited. Individual domains associated with 
the HCV and AEV 1RES elements are indicated above the sequence. Red lines indicate 
nucleotides that are predicted to be involved in formation of a pseudoknot structure at 
the 3’ end of the HCV and AEV 1RES elements. Sequence identity is 48.1 %.
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P T V - 1  ------------------------------------------------ TGTTACTTGGTTATGAATTCATTGTATT------------ AACCCCT
AEV TAAGCCCCATAGAAACGAGGCGTCACGTGCCGAAAATCCCTTTGCGTTTCACAGAACCATntl66 ★★★★★★ * ★ *★*★ ★★
Domain II
P T V - 1  CTGAAAGACCTGCTCTGGCGCGAGCTAAAGCGCAATTGTCACCAGGTATTGCACCAATGG  
AEV CCTAACCATGGGTGTAGTATGGGAATCGTGTATGGGGATGATTAGGATCTCTCGTAGAGG
P T V - 1
AEV
P T V - 1
AEV
P T V - 1
AEV
P T V - 1
AEV
★ ★ ★ ★ ★★
[Domain IIIa| 1“ Domain Illb
TGGCGACAGGGTACAGAAG AGCAAGTACTCCTGACTGGGTAATGGGAC-TGCATTGC
GATAGGTGTGCCATTCAAATCCAGGGAGTACTCTGGCTCTGACATTGGGACATTTGATGT  
★ ★ ★ ★★ ★★ * * * * * * *  *  *  * * * * * * * *  *  *
I Domain Ilia 1
■I I- Domain IIIc
A — TATCCCTAGGCACCTATTGAGATTTCTCTGG------------------GGCCCACCAGCGTGGAGT
AACCGGACCTGGTTCAGTATCCGGGTTGTCCTGTATTGTTACGGTGTATCCGTCTTGGCA
* * *  *  *  *  *  *  *  *  *  *  ** ^ * * ■ 
Domain Illb
•Domain Hid |
Domain IIIc
Domain Hie
TCCTGTATGGGAATGCAGGACTGGACTTGT GCTGCCTGACAGGGT— CGCGGCTGGC
CACTGAAAGGGTATTTTTGGGTAATCCTTTCCTACTGCCTGATAGGGTGGCGTGCCCGGC  
* * *  * * * *  * *  * * ★ ★ * * * * * * * * *  * * * * *  * * * * * * *
h Domain Hid — | | Domain Hie |
nt 412
CGTCTGTACTTTGTATAGTCAGTTGAAACTCACCATG
CACGAGAGATTAAGGGTAGCAATTTAAAC.^ ATG
*  *  *  *  * * * * * * * *  *  *  *
nt 494
Figure 3.12 Sequence alignment of the PTV-1 and AEV 1RES elements. Sequences 
were aligned using Clustal W and manually edited. Individual domains associated with 
the PTV-1 and AEV 1RES elements are indicated above the sequence. Red lines indicate 
nucleotides that are predicted to be involved in formation of a pseudoknot structure at 
the 3’ end of the PTV-1 and AEV 1RES elements. Sequence identity is 42.2 %.
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j JO I................................................Domain I I .......................................................
P E V -8  GGATACACTTAAATGGCA-GTAGCGTGGCGAGCTATGGAAAAATCGCAATTGTCGATAGC
AEV  TAAGCCCCATAGAAACGAGGCGTCACGTGCCGAAAATCCCTTTGCGTTTCACAGAACnt 116* * * * * * *  ★★★* **** * * ** * * *
Domain II
P E V -8  CATGTTAGCGACGCGCTTCGGCGTGCTCCTTTGGTGATTCGGCGACTGG TTACAGGA
AEV CATCCTAACCATG-GGTGTAGTATGGGAATCGTGTATGGGGATGATTAGGATCTCTCGTA  ★ ★★ * * * * * * *  * * * * * * * * * * * * * *
  Domain Ilia
P E V -8  GAGTAGACAGTGAGCTATGGGCAAACCCCTACAGTATT ACTTAGGGGAATGTGCAAT
AEV GAGGGATAGGTGTGCCATT— CAAATCCAGGGAGTACTCTGGCTCTGACATTGGGACATT
* * * * * * *  * * * * * *  * * * * *  *  *  *  *  *  *  *
" Domain Ilia  j
 Domain I l lb  j
P E V - 8  TGA-------GACTTGACGAGCGTC— TCTTTGAGATGTGGCGCATGCTCTTGGCATTACCATA
AEV TGATGTAACCGGACCTGGTTCAGTATCCGGGTTGTCCTGTATTGTTACGGTGTATCCGTC
* * *  * * * I *  *  *  I * *  * * * * *  * * *  *  *  *  *  *  *  *
Domain Illb I I
I Domain I l ld  1 | Domain Ille | —
P E V -8  GTGAGCTTCCAGGTTGGGAAACCTGGAC— TGGGTCTATACTGCCTGATAGGGT— CGCG
AEV TTGGCACACTGAAAGGGTATTTTTGGGTAATCCTTTCCTACTGCCTGATAGGGTGGCGTG  **  ★ ★** ★ * * * * * * * * * * * * * * * * *  * * *
I—  Domain I l ld ----------- 1 | Domain Ille
nt 444
P E V - 8  GCTGGCCGCCTGTAACTA-GTATAGTCAGTTGAAAACCCCCCATG  
AEV CCCGGCCACGAGAGATTAAGGGTAGCAATTT— AAA---------y  CATG* * * * * *  * * * * * * * * * * * * * * y  * * * *
nt 494
Figure 3.13 Sequence alignment of the PEV-8 and AEV 1RES elements.
Sequences were aligned using Clustal W and manually edited. Individual domains 
associated with the PEV-8 and AEV 1RES elements are indicated above the sequence. 
Red lines indicate nucleotides that are predicted to be involved in formation of a 
pseudoknot structure at the 3’ end of the PEV-8 and AEV 1RES elements. Sequence 
identity is 46.5 %.
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2000; Odeimann-Macchioli et al., 2000), aie also recognised near the 3’ end of the AEV 
1RES element. Strikingly, all 12 nucleotides that form the stem and apical loop of the sub- 
domain Ille are conserved between the HCV and AEV 1RES elements and also the 
critical sequences in the apical loop of sub-domain Illd (UUGGGU) are conserved 
between the two 1RES elements (Figure 3.14).
The pseudoknot stmcture has been predicted for HCV (Wang et al., 1995), PTV-1 
(Pisarev et al., 2004) and PEV-8 (Chard et al., 2006b) 1RES elements. Alignment of the 
sequences of the AEV 1RES element with the HCV, PTV-1 and PEV-8 1RES elements 
showed that the sequences that form a pseudoknot (Section 1.8.1) in the HCV, PTV-1 
and PEV-8 1RES elements are also present in the AEV 1RES element. These similarities 
suggest that the AEV 1RES element also likely forms a pseudoknot at its 3’ end. 
Sequences proposed to create base-pair interactions to form the pseudoknot structure in 
the HCV, PTV-1 and PEV-8 1RES elements are indicated by red lines in Figures 3.11, 
3.12 and 3.13. For instance, the proposed secondary structure of the AEV sub-domain Ille 
and pseudoknot are shown and compared with those of HCV, PTV-1 and PEV-8 in 
Figure 3.14.
Alignment of the 5’ UTR sequences of three strains of AEV including Calnek, L2Z and 
Van Roekel revealed that they have high sequence identity (94.4 %), in line with the rest 
of the genome (93.2 %). However, the nucleotides that form the pseudoknot stmcture are 
absolutely conserved (Figure 3.15). This implies the unique stmcture of the AEV 1RES 
element exists among different strains of the virus and also suggests the importance of 
each nucleotide in this structure for AEV 1RES activity.
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Figure 3.14 Comparison of the AEV, PTV-1, PEV-8, SV2 and HCV predicted 
pseudoknot structures. Sequences involved in formation of the pseudoknot are shown. The 
region corresponding to sub-domain Ille, Illf (pseudoknot structure), and domain IV of the 
HCV 1RES element are indicated. Domain TV is only predicted for HCV (Wang et al., 1995) 
and SV2 (Chard et al., 2006b) 1RES elements. The AEV stmcture proposed is based on 
secondary structure comparisons with 3’ regions of the HCV (Wang et al., 1995), PTV-1 
(Pisarev et al., 2004) and PEV-8 (Chard et al., 2006b) sequences. The initiation codon is 
indicated in red.
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c a l n e k  TTTGAAÀGAGGCCTCCGGAGTGTCCGGAGGCTCTCTTTCGACCCAACCCATACTGGGGGG 
L 2 Z  TTTGAAAGAGGCCTCCGGAGTGTCCGGAGGCTCTCTTTCGACCCAACCCATACTGGGGGG
VR TTTGAÀAGAGGCCTCCGGGGTATCCGGAGGTCCTTTTTCGACCCAACCCATACTGGGGGG
★ *★★★★★★★★★★★★★★★★ ★★ ★★★★★★★★ * * * * * * * * * * * * * * * * * * * * * * * * * * *
Domain 1
c a l n e k  TG TGTGGGACCGTACCTGGAGTGCACGGTATATATGCATTCCCGCATGGCAAGGGCGTGC 
L 2 Z  TGTGTGGGACCGTACCTGGAGTGCACGGTATATATGCATTCCCGCATGGCAAGGGCGTGC
VR TGTGTGGGGCCGTATTTGGAGTGCACGGTATATATGCATTCCCGCATGGCAAGGGCGTGC
* * * * * * * *  * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Domain I
c a l n e k  TACCTTGCCCCTTG ACG CA TG GTATGCG TCA TCA TTTG CCTTG G TTA A GCCCCA TA G AA A  
L 2 Z  TA CCTTGCCCCTTG ACG CA TG GTATGCG TTATCATTTG CCTTGG TTA A GCCCCATAG A AA
VR CA CCTTG CCCCTTG A CG CA TG G TA TG TG TCA TCA TTTG CCTTG G TTA A A CCCCA TA -A A A
* * * * * * * * * * * * * * * * * * * * * * * * *  *  *  * * * * * * * * * * * * * * * * * *  * * * * * * *  *  *  *
Domain II
c a l n e k  CGAGGCGTCACGTGCCGAAAATCCCTTTGCGTTTCACAGAACCATCCTAACCATGGGTGT
L 2 Z  CGAGGCGTCACGTGCCGAAAATCCCTTTGCGTTTCACAGAACCATCCTAACCATGGGTGT
VR CGAGGCGCCACGTGCCGAAAATCCCTTTGCGTTTCACAGAACCATCCTAACCATGGGTGT
* * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
Domain II Domain l l l f
c a l n e k  AGTATGGGAATCGTGTATGGGGATGATTAGGATCTCTCGTAGAGGGATAGGTGTGCCATT
L 2 Z  AGTATGGGAATCGTGTATGGGGATGATTAGGATCTCTCGTAGAGGGATAGGTGTGCCATT
VR AGTATGGGAATCGTGTATGGGGGTGATTAGGATCTCTCGTAGAGGGATAGGTGTGTCATT
* * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *  *  *  *
Domain Illa  Domain Illb
c a l n e k  CAAATCCAGGGAGTACTCTGGCTCTGACATTGGGACATTTGATGTAACCGGACCTGGTTC
L 2 Z  CA AA TCCAGGGAGTACTCTGGCTCTAACATTGGCACATTTGATGTAACCGAACCTGGTTC
VR CAAATCCAGGGAGTACTCTGGCTCTGACATTGGGACATTTGATGTAACCGGACCTGGTTC
* * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * *  * * * * * * * * * * * * * * * *  * * * * * * * * *
Domain IIIc
c a l n e k  AGTATCCGG G TTG TCCTGTATTGTTA CGG TG TA TCCG TCTTG GCA CA CTG AA A GG G TA TT
L 2 Z  A G TATCCGG G TTG TCCTGTATTGTTA CGG TG TA TCTGTCTTG G CACA CTCA CA GG G TA TT
VR AGTATCCGG G TTG TCCTGTATTGTTA CGG TG TA TCCG TCTTG ACA CA CTG AA A GG G TA TT
Domain I lld  Domain IIIc Domain I l l f
c a l n e k  TTTGGGTAATCCTTTCCTACTGCCTGATAGGGTGGCGTGCCCGGCCACGAGAGATTAAGG
L 2 Z  TTTGGGTAATCCTTTCCTACTATCTGATAGGGTGGCGTGCCCGGCCACGAGAGATTAAGG
VR CTTGGGTAATCCC TTCC T AC TGCC TGATAGGGCGGCGTGCCCGGCCACGAGAGATTAAGG
* * * * * * * * * * *  * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * *
c a l n e k  GTAGCAATTTAAACATG
L 2 Z  GTAGCAATTTAAACATG
V R GTAGCAATTTAAACATG
* * * * * * * * * * * * * * * * *
Figure 3.15 Sequence alignment of the 5’ UTR of three strains (Calnek, L2Z and Van 
Roekel) of AEV. Sequences were aligned using Clustal W and manually edited. Individual 
domains are indicated in different colours. Sequence identity is 94 %.
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3.11 The influence of viral coding sequences on AEV 1RES activity
Early studies have demonstrated that the HCV 1RES lies in the 5’ UTR and does not 
require any protein coding sequences for maximal activity in the context of dicistronic 
vectors; e.g. pGEM-CAT/HCV/LUC (Tsukiyama-Kohara et al., 1992; Wang et a l, 1993). 
However, further analysis indicated that tlie HCV 1RES element requires some 
downstream coding sequences to optimize its activity (Reynolds et al., 1995; Honda et a l, 
1996b; Lu and Wimmer, 1996; Rijnbrand et al., 2001) even in a pGEM-CAT/HCV/LUC 
context (Hwang et a l, 1998).
This controversy was addressed by experiments using extensive mutational analyses that 
revealed the fact that the stability of stem-loop IV (Figure 3.14) negatively regulates 
1RES-mediated translation of HCV RNA. Then, it is possible that fusion of the AUG 
codon directly to the reporter gene leads to a more stable stem-loop IV and thereby 
inhibits 1RES-mediated translation (Honda et al., 1996b; Rijnbrand et al., 2001). 
However, the requirement for an unstable domain IV is completely met by fusion of the 
AUG initiation codon to the downstream LUC ORE, but not the tmncated influenza non- 
stmctural protein (MS') ORE which stabilises domain IV (Honda et a l, 1996b).
It has also been found that insertion of HCV, CSEV and GB vims coding sequence 
downstream of the AUG initiation codon resulted in an increase in translation of secretory 
alkaline phosphatase but not the CAT ORE. It has been proposed that the presence of an 
A-rich domain near the 5’ end of the coding sequence of these vimses as well as the CAT 
ORE is responsible for destabilizing any secondary stmcture downstream of the initiation 
codon (Rijnbrand et a l, 2001). In agreement with this idea, deletion of the A-rich domain 
from the CAT sequence or insertion of a stable hairpin structure (AG = -18 kcal/mol) 
between the HCV 1RES element and CAT sequences significantly decreased HCV 1RES
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mediated translation, which can be restored by insertion of at least 14 nt of coding 
sequences downstr eam of the initiation codon. The same results have been observed for 
CSFV and GB viruses, phylogenetically related 1RES elements. Although the A-rich 
domain, also found in the LUC sequence, is able to facilitate internal initiation, it does not 
have a specific role in 1RES-mediated translation. Therefore, it appears that conditions 
which result in a stable domain IV prevent conect positioning of the 40S ribosome at the 
initiation codon, suggesting that the coding sequence of some reporter proteins may have 
interactions with the stem-loop IV sequences to support the stabilization of this structure 
(Rijnbrand et al., 2001).
The number and the nature of viral coding sequences have been found to be crucial for 
1RES mediated translation. While CSFV requires an optimum of 17 codons for 
maximum 1RES activity (Fletcher and Jackson, 2002), the HCV 1RES element is 
optimized by addition of 10 codons of coding sequence (Reynolds et al., 1995). 
Recombinant constructs of HCV and CSFV containing heterologous combinations of 
coding region and 5’ UTR exhibited 1RES activity, slightly lower than wt combinations. 
However, insertion of coding sequences in the antisense orientation led to low 1RES 
activity. These data demonstrate that the coding sequences function not just as a spacer 
but play a specific role in destabilizing the secondary stmcture around the initiation codon 
(Fletcher and Jackson, 2002).
Among the picornavims 1RES elements, the effect of downstream coding sequence was 
assessed for the HCV-related 1RES elements, PTV-1 (Kaku et al., 2002), PEV-8 and 
Simian vims 2 (SV2) Chard (PhD thesis, 2005). The results seem to be again related to 
formation of domain IV around the initiation codon. Unlike the above fiavivimses, the 
PTV-1 and PEV-8 1RES elements are not thought to form a domain IV at the 3’ end
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(Figure 3.14) (Pisarev et al., 2004; Chard et al,, 2006a, b) and exhibit no requirement 
for downstream protein coding sequences to enhance 1RES activity [Kaku et al., 2002; 
Chard (PhD thesis, 2005)]. On the other hand, the newly discovered picornavims, SV2, 
which contains an 1RES element highly similar to that of HCV, appears to form a stable 
domain IV at the 3’ end of the 1RES element (Figure 3.14) and shows a significant 
requirement for downstream coding sequences to maximise its activity Chard (PhD thesis, 
2005).
Due to high sequence similarity between the HCV, PTV-1, PEV-8 and AEV 1RES 
elements, especially in the ribosome binding region, and the proposed secondary stmcture 
of the AEV 1RES element which lacks a domain IV at the 3’ end, the influence of 
downstream viral protein-coding sequence on AEV 1RES activity was assessed in vitro 
and in vivo in the pGEM-CAT/LUC context.
3.12 Methods
To isolate the AEV 5’UTR+30 nt of viral open reading frame sequence, a PCR (PCR 3) 
was performed to amplify nt 238-524. The reaction consisted of: 5 pi DNA, 2 pi 5rnM 
dNTPs, 1 pi of each primer (forward 1 and reverse 524) 5 pi lOx Pfn DNA Polymerase 
buffer (Promega) and 0.5 pi Pfn DNA Polymerase (Promega). Then, an overlap PCR was 
performed on PCRl (nt 1 to 238) and PCR 3 (nt 238 to 524) fragments as follows: 73 pi 
HiO, 5 pi DNA (nt 1 to 238), 5 pi (nt 238 to 524) DNA, 4 pi 5 mM dNTPS, 1 pi forward 
1 primer, 1 pi reverse 524 primer, 10 pi Pjii DNA Polymerase buffer (Promega), 1 pi Pfu 
DNA polymerase (Promega). Cycle details are shown in Table 3.5 and 3.6. After 
completion of the PCR, the product was treated with Taq DNA polymerase to create an A 
overhang at both ends of the PCR product, in order to clone into the pGEM®-T Easy 
vector (Promega). Primer sequences are given in Table 3.1.
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Step Conditions for PCR3
1 95® C for 2 min
2 95® C for 0.5 min
3 55® C for 0.5 min
4 72® C for 2 min
5 Repeat from step 2x30
6 72® C for 5 min
Table 3.5 PCR3 cycle details
Step Conditions for overlap PCR
1 95® C for 2 min
2 95® C for 0.5 min
3 58® C for 0.5 min
4 72® C for 2 min
5 Repeat from step 2x30
6 72® C for 5 min
Table 3.6 PCR cycle details to create AEV 5'UTR +30nt of ORE
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The PCR product was digested with BamHI as before. Finally, the purified fragment was 
ligated into BamHI-digcsied and phosphatase-treated pGEM-CAT/LUC (Section 2.11). 
Therefore, the plasmid pGEM-CAT/AEVs+ORF/LUC containing the AEV 5’ UTR + 30 
nt of ORF sequence was constmcted (Figure 3.1) and sequenced using LUCs primer.
The dicistronic pGEM-CAT/AEVs+ORF/LUC plasmid, plus pGEM-CAT/LUC, pGEM- 
CAT/EMCV/LUC, pGEM-CAT/AEVs/LUC, pGEM-CAT/AEVas/LUC were assayed in 
vitro in the TNT system (Section 2.19) and RRL (Section 2.15) reactions and in vivo 
(Section 2.22 ) in 2 different cell lines, TK-143 (TK-) and BHK cells.
3.13 Results
Translation of the CAT/AEV+ORF/LUC mRNA in RRL showed that addition of 30 nt of 
viral coding sequence enhanced AEV 1RES activity (Figure 3.16). However, this 
enhancement was not seen in the coupled transcription and translation (TNT) system 
(Figure 3.17). On the other hand, the addition of ORF sequences significantly decreased 
AEV 1RES activity in vivo. Figure 3.18 shows the luciferase assay compared to Western 
blot analysis of the in vivo experiment in TK-143 (TK-) cells. Therefore, it seems that 
unlike the HCV 1RES element, the AEV 1RES element does not have any requirement for 
downstream coding sequences to optimize its activity.
3.14 Discussion
The 5’ UTR of the picornavims genome contains an internal ribosome entry site (1RES) 
element which is generally around 450 nt in length and responsible for directing cap- 
independent translation initiation. This stmcture folds into a complex secondary stmcture 
which is conserved within each group of 1RES elements. Furtheimore, there are critical 
primary sequence motifs which are highly conserved between phylogenetically related
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Figure 3.16 Effect of downstream coding sequence on AEV 1RES activity in RRL in 
vitro translation system. Translation reactions were performed in RRL using 1 pg RNA to 
compare AEV 5’ UTR+30 nt of downstream coding sequence (AEVs+30) to the wild type 
(AEVs) AEV 1RES activity together with an empty (CAT/LUC), antisense (AEVas) and 
positive control (EMCV) plasmids (Section 2.19). Reactions (4 pi) were run on an acrylamide 
gel (10 %) (Section 2.23) and an autoradiograph is shown. CAT and LUC proteins are 
indicated.
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Figure 3.17 Effect of downstream coding sequence on AEV 1RES activity in coupled 
transcription-translation system (TNT). RRL (TNT) reactions were performed using 1 
pg plasmid DNA to compare AEV 5’ UTR+30 nt of downstream coding sequence 
(AEV+30) to the wild type (AEVs) AEV 1RES activity together with an empty 
(CAT/LUC), antisense (AEVas) and positive control (EMCV) plasmids (Section 2.19). 
TNT reactions (4 pi) were run on an acrylamide gel (10 %) (Section 2.23) and an 
autoradiograph is shown. CAT and LUC proteins are indicated.
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Figure 3.18 Effect of downstream coding sequence on AEV 1RES activity in TK-143 
(TK-) cells. Reporter plasmids containing the AEV 1RES element in the sense orientation 
(AEVs), EMCV 1RES element (EMCV), AEV 5’ UTR+30 nt of downstream coding 
sequence (AEVs +30), AEV 1RES element in antisense orientation (AEVas), a no 1RES 
control (CAT/LUC) and a no DNA sample were transfected into vTF7-3-infected TK-143 
(TK-) cells (Section 2.22). The lysates were harvested and quantified by luciferase assay 
(Section 2.25) and also analyzed by 10 % SDS-PAGE (Section 2.23) followed by Western 
blotting (Section 2.24). The results from Western blot analysis and LUC assay are 
compared. The results are representative of two separate experiments in TK-143 (TK-) 
cells.
119
species of picornavimses. However, the ribosome entry site is always located in the 3’ 
end of the 5’ UTR. Different classes of 1RES elements exhibit different requirements for 
cellular initiation factors (Belsham and Jackson, 2000). AEV has been classified with 
HAV in the Hepatovirus genus within the Picornaviridae and their protein sequences 
show significant homology (Marvil et ah, 2001), In order to find any similar 
characteristics between the AEV and HAV 1RES elements, the structure and function of 
the AEV 1RES element was examined in this chapter.
The dicistronic reporter assay using the pGEM-CAT/LUC plasmid was used to confirm 
1RES activity within the AEV 5’ UTR. The AEV 5’ UTR was isolated and cloned 
between the two reporter genes. Expression of the plasmid in vitro and in vivo in different 
mammalian cell lines demonstrated for the first time that the AEV 5’ UTR contains an 
efficient 1RES element. Although the AEV 1RES element functions efficiently in vitro, 
the HAV 1RES activity in vitro is poor unless supplemented with liver cell extracts (Glass 
and Summer, 1993) indicating a basic functional difference between these two 1RES 
elements.
The 2A protease from enteroviruses inhibits cap-dependent translation via cleavage of the 
translation initiation factor eIF4G. This process has little effect on cardio/aphthovims or 
entero/rhinovims 1RES elements and can even stimulate these 1RES elements, when the 
1RES activity is low (Roberts et al., 1998). However, eIF4G cleavage completely inhibits 
HAV 1RES activity (Boiman et al., 1997; Ali et al., 2001b). I now present evidence that 
the AEV 1RES element is also largely unaffected by cleavage of eIF4G and can even be 
stimulated by 2A protease in BHK cells in which the 1RES displays low activity. These 
results reveal another functional difference between the AEV and HAV 1RES elements.
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Deletion of 100 nt from the 5’ end of the 5’UTR resulted in a reduction in AEV 1RES 
activity whilst a further deletion to nt 200 at the 5’ end significantly inhibited 1RES 
activity. However, deletion of 100 nt from the AEV 1RES 3’ end completely inhibited 
1RES activity. These data largely define the boundaries of the 3’ end of the AEV 1RES 
and indicate the critical role of the AEV 1RES 3’ sequences for 1RES activity (nt 100 to 
494). This unusually short 1RES element, which also lacks polypyrimidine tract is very 
similar to the recently described elements from PTV-l(Kaku et al., 2002) and PEV-8 
(Chard et al., 2006b) within the Picornaviridae and HCV in Flaviviridae (Reynolds et al., 
1995).
The above differences from HAV prompted me to look at the similarity of the AEV 1RES 
to other 1RES elements. Alignment of sequences of the AEV 5’ UTR with HCV, PTV-1, 
and PEV-8 1RES elements, especially in the ribosome binding region, revealed a high 
sequence identity. On the basis of remarkable sequence similarities found between the 
AEV and HCV 1RES elements, I drew a secondary structure model for the AEV 1RES 
element (Figure 3.19) which shows significant similarity to the structure of the HCV 
1RES element. The mfold programme (littn ://www .bioinfo .rni. edu/applications/rnfold/1 
was used to predict the most thermodynamically favourable structure and manually 
edited, the regions that showed high sequence homology with the HCV 1RES element 
were drawn in comparison with the HCV secondary structure, which was published by 
Honda et al., (1999) and represented in Figure 1.11. Comparison of the proposed 
secondary structures between the two 1RES elements shows that they have high sequence 
conservation in sub-domain Hid and Hie which are critical for ribosome binding.
The HCV 1RES element contains the sequence UUGGGU in the loop of sub-domain Hid 
which is fully conserved in the AEV 1RES element. The GGG residues in the loop of sub-
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Figure 3.19 Proposed secondary structure of the whole AEV 1RES element. Domains 
are labelled according to corresponding domains of the HCV 1RES element. The structure 
was predicted by mutational analysis, comparative sequence analysis and using mfold to 
predict the most thermodynamically favourable structures for the whole AEV 1RES 
element including domain I,II and III.
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domain Hid have been reported to be essential for ribosome binding in the HCV 1RES 
element (Kolupaeva et al., 2000) and mutagenesis of the GGG triplet is completely 
detrimental for 1RES activity (Kieft et al., 1999; Jubin et al., 2000). The correct primary 
sequence and tertiary folding of this sub-domain are both required for interaction with the 
S9 ribosomal protein (Odeimann-Macchioli et al,, 2000).
Another completely conseiwed region between the HCV and AEV 1RES elements is sub- 
domain Hie containing a 4 nt stem with an apical GAUA. This sub-domain has also been 
demonstrated to be critical for HCV 1RES activity in terms of primary sequence and RNA 
tertiary structures (Keift et al., 1999; Psaridi et al., 1999; Lukavsky et al., 2000). The 
PTV-1 1RES element also contains a GACA sequence in the apical loop of sub-domain 
Hie, mutagenesis of the GACA sequence to the corresponding HCV sequence (GAUA) 
significantly decreased PTV-1 1RES activity (50 % of wt activity) suggesting that the 
nature of the nucleotides at each position in sub-domain Hie is important for 1RES 
function (Chard et al., 2006a).
There is also homology around the sequences that form sub-domain Illf (pseudoknot 
stmcture) among these 1RES elements (Figure 3.11, 3.12 and 3.13). This stmcture is 
critical for 1RES activity, especially interaction with the 40S ribosomal subunit (Wang et 
al., 1995; Rijnbrand et al., 1997; Pestova et al., 1998a; Kolupaeva et al., 2000). Existence 
of a similar pseudoknot structure has also been suggested at the 3’ end of the AEV 1RES 
element.
Other apical regions of the HCV 1RES element including sub-domain HIb and IIIc are 
required for interaction with eIF3 (Pestova et al., 1998a; Sizova et al., 1998). Analysis of 
the AEV 1RES element showed that these domains are also predicted to fonii in the AEV 
1RES element, although sub-domain HIb is not identical to that of the HCV 1RES
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element. A similai' sub-domain Ilia is also predictable for the AEV 1RES element 
containing the sequence AGUA in the apical loop which is 100 % conserved with this 
region in the HCV 1RES element. Sub-domain Ilia of the HCV 1RES has also been shown 
to interact with eIF3 (Kieft et al,, 2001a; Spahn et al., 2001). Furthermore, coiTect folding 
of the four way junction Illabc is also required for both 40S subunit and eIF3 interactions 
with the HCV 1RES element (Kieft et al., 2001).
The AEV 1RES is also predicted to form a domain II with high sequence identity to that 
of the HCV 1RES element, this domain has been found to be essential for HCV 1RES 
activity, it supports the correct positioning of the ribosome on the HCV 1RES element 
(Pestova et al., 1998a; Lukavsky et al., 2000; Spahn et al., 2001). Deletion mutagenesis 
revealed that the 5’-deletions within domain II greatly reduced AEV 1RES activity 
(Figure 3.9 and 3.10) indicating the importance of this domain for 1RES activity. In 
comparison to the HCV 1RES element, the AEV 1RES element appears to have a more 
structured domain I, containing sub-domains la and Ib. The mutation (AEVm3) that 
deleted domain Ib significantly reduced AEV 1RES activity (Figure 3.10) suggesting that 
this domain also has a function in 1RES activity.
As it has been previously confinned that the HCV 1RES element requires some 
downstream coding sequence for maximum activity in the context of dicistionic vectors 
(Reynolds et al., 1995) the requirement of the AEV 1RES element for viral protein coding 
sequence was assayed. The results revealed that the AEV 1RES does not require viral 
coding sequences in the context of the dicistronic reporter plasmid pGEM-CAT/LUC. 
Interestingly, the PTV-1 and PEV-8 1RES activities are also not affected by the addition 
of viral coding sequences in pGEM-CAT/LUC [Kaku et al., 2002; Chard (PhD thesis, 
2005)]. Consistent with tliis, analysis of sequences around the initiation codons of the
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AEV and PTV 1RES elements does not illustrate the formation of a domain IV structure 
as has been reported for HCV (Honda et al., 1996b).
In conclusion, although AEV has been classified with HAV as a Hepatovirus and AEV 
proteins share homology with HAV proteins, there are substantial differences in their 
1RES elements which indicate that the AEV 1RES should not be classified as a type III 
1RES element. Indeed, functional and structural similarities between the AEV 1RES 
element and those of HCV and PTV-1 suggest that it can be classified within the new 
group of type IV 1RES elements within the Picornaviridae.
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Chapter 4 
Structural and functional analysis of the AEV 
internal ribosome entry site element
4.1 Introduction
Secondaiy and tertiary structures such as internal loops play critical roles in 1RES 
activity, so that the long-range RNA-RNA interactions establish an appropriate 
conformation for ribosome recniitment that is highly dependent on physiological salt 
concentrations. A unique feature of the secondary stmctures in the Flaviviridae 1RES 
elements enables the 1RES element to direct translation initiation without requiring 
canonical initiation factors, except eIF2 and eIF3 (Pestova et ah, 1998a). Furthermore, the 
1RES elements from newly discovered picornavimses, PTV-1, PEV-8 and SV-2 show 
similar stmctural and functional characteristics to the flavivims 1RES elements (Pisaiev et 
ah, 2004; Chard et ah, 2006a, b).
Basic characterization of the AEV 1RES element (Chapter 3) has revealed that it has 
specific properties highly reminiscent of the PTV-1, PEV-8 and SV-2 1RES elements 
within the Picornaviridae and Flaviviridae 1RES elements such as hepatitis C vims 
(HCV) and classical swine fever (CSFV). These properties include the short length of the 
1RES elements, almost identical predicted secondary and tertiary stmcture, and ability to 
function in the presence of cleaved eIF4G. In particular, the sequences that foim the 
critical area for ribosome recmitment including sub-domain Hid, Ille and Illf 
(pseudoknot) are highly conserved among these 1RES elements. On finding these
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similaiities between the AEV, PTV-1, PEV-8 and HCV 1RES elements, sub-domain Ille 
and the pseudoknot structure of the AEV 1RES element were investigated using 
mutational analysis. Further, requirement of the AEV 1RES element for eIF4A was 
assessed as previous work showed that the HCV and PTV-11RES elements fiinctioned in 
the presence of an eIF4A inhibitor (Bordeleau et al., 2006; Chard et al., 2006a). In 
addition, the optimum KCl concentration required for AEV 1RES activity was evaluated 
in vitro and compared to those of the EMCV, PTV and HCV 1RES elements.
4.2 Mutational analysis of domain Ille of the AEV 1RES element
Alignment of sequences between the AEV and HCV 1RES elements revealed that the 
most striking region of identity is within HCV domain Ille and the sequences around this 
domain. The conservation of all 12 nt in this region (stem and apical loop) suggests that 
the same domain could form in the AEV 1RES element (Figure 3.14).
It is believed that domain Ille of the HCV 1RES element is essential in fomiation of 
tertiary structures (Kieft et al., 1999). Furthermore, each of the nucleotides within the 
highly conserved GAUA tetraloop was found to be crucial for HCV 1RES activity 
(Psaiidi et ah, 1999; Lukavsky et al., 2000). This domain, together with domain Hid, 
plays an essential role in binding to the 40S ribosomal subunit (Kieft et ah, 2001a; Tallet- 
Lopez et ah, 2003; Otto et al., 2004). Particularly, recent data using a direct ultra-violet 
(UV)-induced cross linking method revealed proteins of the human 40S ribosomal 
subunit, including p40, S3a, S5 and S16 were positioned close to hairpin Ille of the HCV 
1RES element during the early stage of translation initiation (Laletina et ah, 2006). This 
conserved region is also critical in the PTV-1 1RES element (GACA), and mutation in 
this region greatly reduced 1RES activity (Chard et ah, 2006a). To investigate the effect 
of mutation in domain Hie of the AEV 1RES element, two point mutations in this domain
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were introduced and the ability of the mutated 1RES element to direct translation of the 
downstream ORE within a dicistronic vector was assessed.
It has previously been reported that defective picomavirus 1RES elements can be 
efficiently complemented in trans by co-expression of an unlinked 1RES element (Stone 
et al., 1993; Drew and Belsham, 1994; van der Velden et al., 1995; Roberts and Belsham, 
1997). On the contrary, defective HCV 1RES elements could not be complemented in 
trans by the wt HCV 5’UTR (Tang et al., 1999). Due to the stmctural and functional 
similarities between the AEV and HCV 1RES elements, complementation of the defective 
AEV 1RES element (point and tmncated mutants) by a wt 1RES element was attempted to 
identify whether the AEV 1RES element shared this feature of the HCV 1RES element.
4.3 Methods
4.3.1 Construction of dicistronic reporter plasmids containing 
a mutation in domain Ille of the AEV 1RES element
In order to introduce mutations that change the GAUA sequence of domain Ille of the 
AEV 1RES element to A AAA (Figure 4.1), the plasmid pGEM-C AT/AE V s/LUC was 
used as the template. Two PCR reactions were performed, one with each primer set 
(AEV Ille forward and reverse with AEV forward 1 and reverse 494). The reactions were 
carried out by Taq DNA polymerase enzyme in a total volume of 50 pi reaction. After 
PCR purification (Section 2.5) and gel extraction (Section 2.4), overlap PCR (Section 
2.2) was perfoimed to join the 2 pieces of the AEV 5’UTR together using AEV forward 1 
and reverse 494 primers in a total volume of 100 pi. Primer sequences and PCR cycle 
details are given in Tables 4.1, 4.2 and 4.3. Accordingly, the new PCR fragment was
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Figure 4.1 Construction of AEV GAUA-loop mutants. (A) The sequence and predicted 
structure of the wild-type AEV sub domain Ille. (B) The mutations of GAUA to AAAA in 
sub domain Ille was generated using overlap PCR and the plasmid pGEM-CAT/AEVs/LUC 
as the template. Therefore, the plasmid pGEM-CAT/AEVIIIe/LUC containing the AAAA 
sequence in sub domain Ille was constructed. The new construct was sequenced using the 
LUCs reverse primer which read the complementary strand of the predicted RNA structure.
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Primers S e q u e n c e s
AEV Ille  Forward 1 ATCCTTTCCTACTGCCTAAAAGGGTGGCGTGCCCGG
AEV Ille  Reverse 1 ATCCGGGCACGCCCACCCTTTTAGGCAGTAGGAAAGG
AEV Forward 1 ATATGGATCCTTTGAAAGAGGCCTC
AEV Reverse 494 ATATGGATCCGTTTAAATTGCTACCCT
AEV SI Forward GGGGATGATTAGGATGGGTCGTAGAGGGATAGG
AEV S2 Forward TGATAGGGTGGCGTGGGCGGCCACGAGAGATT
AEV SI Reverse CCTATCCCTCTACGACCCATCCTAATCATCCCC
AEV S2 Reverse AATCTCTCGTGGCCGCCCACGCCACCCTATCA
AEV SI comp Forward TGCCCGGCCACGACCCAT TAAGGGTAGCAA
AEV S2 comp Forward CCACGAGAGATTAAGCCTAGCAATTTAAAC
AEV SI comp Reverse TTG CTA CCC TTAATGGGTCGTGGCCGG GCA
AEV S2 comp Reverse GTTTAAATTGCTAGGCTTAATCTCTCGTGG
CAT Forward ACACCTCCCCCTGAACCTGAAACATAAAAT
LUC Reverse CATACTGTTGAGCAATTCAC
Table 4.1 Sequences (5^-3’) of primers used for PCR reactions to create mutations in 
domain Ille  and pseudoknot structure of the AEV 1RES element. Primers were obtained 
from Sigma Genosys Ltd. Underlined are the Bam HI restriction enzyme sites and coloured are 
the sequences that have been mutated included in the primers for cloning purposes.
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Step Conditions for PCR to create mutations 
in domain Ille of AEV 1RES element
1 94® C for 2 min
2 94® C for 30 sec
3 55° C for 1 min
4 72° C for 30 sec
5 Repeat from step 2x35
6 72® C for 10 min
Table 4.2 PCR cycle details to create mutations in domain Ille
Step Conditions for overlap PCR to create 
mutations in domain Ille of AEV 1RES 
element
1 94® C for 2 min
2 94® C for 30 sec
3 60® C for 1 min
4 72® C for 30 sec
5 Repeat from step 2x35
6 72° C for 10 min
Table 4.3 Overlap PCR cycle details to create mutations in domain Ille
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cloned into the pGEM®-T Easy vector (Section 2.6). The fragment was digested with 
BamH I  and was subsequently cloned into the pGEM-CAT/LUC vector (Section 2.11). 
The new construct was sequenced to confirm presence of the AAAA sequence in domain 
Ille, using the LUC reverse primer (Appendix III) and named pGEM- 
CAT/AEVme/LUC.
4.3.2 Construction of pGEM-llZ vector containing the wt AEV 1RES 
element
To obtain a construct containing the wt AEV 1RES element and no reporter gene, the 
pGEM -llZ vector (Promega; Appendix IV) containing the T7 RNA polymerase 
promoter was digested with Bam HI (Section 2.9) and dephosphorylated (Section 2.10). 
Subsequently, the AEV 5’ UTR fragment isolated from pGEM®-T Easy vector by 
digestion with Bam HI (Section 2.9) was ligated into the pGEM -llZ vector (Section 
2.11). The new constmct containing the wt AEV 1RES element without any downstream 
reporter gene was named as pGEM-llZ/AEVs and used in complementation 
experiments.
4.3.3 Other plasmids used
Plasmid pD 1+2+3 containing the sequences corresponding to the EMCV 5’UTR from nt 
277 to 838 inserted into pGEMl (Promega) (Kaminski et al., 1995) was kindly provided 
by Dr A. Kaminski (University of Cambridge). In addition, plasmid pGEM- 
CAT/AAvr/LUC containing a mutant EMCV 1RES element (van der Velden et al., 1995) 
was used as a defective EMCV 1RES element in the complementation studies.
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Plasmids pGEM-CAT/ml/LUC and pGEM-CAT/m2/LUC containing nt 1-294 and nt 1- 
394 of the AEV 5’ UTR, respectively, have been shown to be defective (Chapter 3) and 
were used as truncated mutants of tire AEV 1RES element.
4.3.4 Transient expression assays
Dicistronic plasmid DMAs (2pl), (pGEM-CAT/LUC, pGEM-CAT/AAvr/LUC, pGEM- 
CAT/AEVs/LUC, pGEM-CAT/IIIe/LUC, pGEM-CAT/ml/LUC, pGEM-CAT/m2/LUC) 
were transfected alone, or were co-transfected (Section 2.22) with 0.5 pg of the 
corresponding wt 1RES element (plasmids pD 1+2+3 and pGEMl IZ+AEV) in two sets of 
experiments. After 20 h, cell extracts were harvested and assayed for LUC expression 
(Section 2.25).
4.4 Results
Consistent with the HCV and PTV-1 1RES elements, changing only two nucleotides in 
AEV 1RES domain Ille (GAUA to AAAA) resulted in severely impaired 1RES activity. 
The results from the Luciferase assay are shown in Figure 4.2.
In order to determine whether defective AEV 1RES mutants can be complemented in 
trans by an intact wt 1RES element, tmncated and point mutants of the AEV 1RES 
element within the dicistronic vector pGEM-CAT/LUC were assayed in vivo (Section 
2.22) with the intact wt 1RES element. The extracts were analysed for luciferase 
expression. The results showed that none of the tmncated or point mutants of the AEV 
1RES could be complemented in trans by a wt AEV 1RES element. However, a defective 
EMCV 1RES element was efficiently complemented in trans by the wt EMCV 1RES 
element (AAvr +EMCV) as expected (Figure 4.2).
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Figure 4.2 Defective AEV 1RES elements cannot be complemented by co-expression of 
the complete AEV wt 1RES. Dicistronic plasmids containing defective mutant 1RES 
elements were transfected into TK-143 (TK-) ceils, using the recombinant vaccinia virus 
vTF7-3 transient expression system as described in the text. (A) A defective AEV 1RES 
element (AAAA sequence in domain Ille) and defective EMCV 1RES element were 
transfected with or without corresponding wt 1RES elements. The results of the luciferase 
assay (Section 2.25) are shown. (B) Deletion mutants of the AEV 1RES element were 
transfected with or without a wt 1RES element. The results of the luciferase assay are shown 
(Section 2.25).
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4.5 AEV pseudoknot mutagenesis
Pseudoknot structures have been characterized in many RNAs. The predicted foldings of 
the HCV, PTV-1, PEV-8, SV2 and AEV structures are shown in Figure 3.14. The 
predicted secondary structure and particularly the conformation of the pseudoknot 
structure have been confiimed for the flavivims 1RES elements, HCV, CSFV and GBV-B 
(Wang et al., 1995; Rijnbrand et al., 2000; Fletcher and Jackson, 2002). Moreover, the 
functional secondary structure of the pseudoknot has recently been demonstrated by 
extensive mutagenesis studies for the PTV-1 1RES element (Chard et al., 2006a). 
Dismption of base-pair interactions in this region resulted in defective HCV (Wang et al., 
1995) and PTV-1 (Chard et al., 2006a) 1RES elements.
To confiim our predicted model of the AEV pseudoknot, similar mutagenesis 
experiments were carried out. These mutations were predicted to dismpt the base-pair 
interactions in the pseudoknot, and subsequently compensatory mutations were 
introduced to restore these base-pairing interactions (Figure 4.3).
4.6 Methods
The predicted pseudoknot structure of the AEV 1RES element is exhibited in Figure 4.3. 
It is composed of two base-paired stems (SI and S2) which form two loops (LI and L2). 
To investigate predicted base-pair interactions in the stems, two sets of mutations were 
designed to change nucleotides in SI and S2.
To create primary mutations in SI and S2 of the pseudoknot stmcture, PCRs were carried 
out using internal primers and the CAT and LUC external primers (Table 4.1) which 
target sequences in CAT and LUC ORFs, respectively. The reactions contained Pfu DNA 
polymerase enzyme (Promega) in a total volume of 50pl and the plasmid pGEM-
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Figure 4.3 Mutagenesis of the predicted AEV pseudoknot structure. (A) Diagrams of the 
predicted structure of the AEV pseudoknot. Stem loopl (SI) and 2 (S2) regions are indicated. 
Nucleotides marked in red are those that were mutated initially. Those marked in green were 
mutated to compensate the initial mutations. (B) Overlap PCRs were performed to generate 
mutations in Sland S2 of the pseudoknot. PCR fragments were cloned into pGEM-CAT/LUC 
vector. (C) Overlap PCRs were used to generate compensatory mutations, using the 
previously constructed mutant vectors S1 and S2 mutant as the template. Both of the primary 
and compensatory mutant vectors were sequenced using the LUCs primer, which read the 
complementary strand of DNA to the RNA secondary structure, to confirm the presence of the mutations.
Step PCR conditions for to create mutations 
in S 1 and S2 regions
1 95® C for min
2 94° C for 1 min
3 60® C for 1 min
4 72® C for 1 min
5 Repeat from step 2x30
6 72® C for 10 min
Table 4.4 PCR cycle details to create mutations in the pseudoknot 
structure (S I  and S2) of the AEV 1RES element
Step Conditions for overlap PCR to create 
mutations in SI and S2 regions
1 95® C for 5 min
2 94® C for 1 min
3 55® C for 1 min
4 72® C for 1 min
5 Repeat from step 2x25
6 72® C for 10 min
Table 4.5 Overlap PCR cycle details to create mutations in the 
pseudoknot structure (S I  and S2) of the AEV 1RES element
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CAT/AEVs/LUC (Section 3.2.1) was used as the template. The coiTect PCR products 
were purified (Section 2.5) and gel extracted (Section 2.4) and subjected to overlap PCRs 
(Section 2.2) using the external CAT and LUC primers and Pfu DNA polymerase enzyme 
(Promega) in a total volume of 100 pi. PCR cycle details are shown in Table 4.4 and 4.5. 
The final PCR products were purified (Section 2.5) and quantified and then digested with 
Bam HI to isolate the all AEV 5’ UTR fragments containing the SI and S2 mutants. 
These mutants were directly ligated into a Bam HI digested and dephosphorylated pGEM- 
CAT/LUC vector (Section 2.11) to generate pGEM-CAT/AEVS 1/LUC and pGEM- 
CAT/AEVS2/LUC constiucts. The presence of the mutations was confinned by 
sequencing using LUCs reverse primer (Appendix III),
The same procedure was earned out to introduce compensatory mutations in the S 1 and 
S2 using Pfx 50™ DNA polymerase enzyme (Invitrogen) in a total volume of 50pl and 
the above constructs used as the templates for overlap PCRs. Primers aie listed in Table 
4.1 and PCR cycle details are given in Tables 4.6 and 4.7. To confirm the presence of 
both primary and compensatory mutations, the constructs were sequenced using LUCs 
reverse primer (Appendix III). Therefore, the new plasmids pGEM- 
CAT/AEVS1 comp/LUC and pGEM-CAT/AEVS2comp/LUC were constructed.
All plasmids were assayed in vitro in the TNT RRL system (Section 2.19) for CAT and 
LUC expression, the reactions were subsequently analysed by 10 % SDS-PAGE and 
autoradiography (Section 2.23). In addition, each plasmid was transfected into TK-143 
(TK-) cells using the transient expression system (Section 2.22). The cell lysates were 
subjected to luciferease assay (Section 2. 25) and 10 % SDS-PAGE (Section 2,23) 
followed by Western bloting (Section 2.24) to detect CAT and LUC expression.
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Step PCR conditions to create compensatory 
mutations in SI and S2 regions
1 94® C for 2 min
2 94® C for 15 sec
3 58® C for 30 sec
4 68® C for 1 min
5 Repeat from step 2x25
6 68 ® C for 5 min
Table 4.6 PCR cycle details to create compensatory mutations in the 
pseudoknot stmcture (SI and S2) of the AEV 1RES element
Step Conditions for overlap PCR to create 
mutations in SI and S2 regions
1 94® C for 2 min
2 94® C for 30 sec
3 57® C for 30 sec
4 68® C for 1 min
5 Repeat from step 2x25
6 68® C for 5 min
Table 4.7 Overlap PCR cycle details to create mutations in the 
pseudoknot stmcture (SI and S2) of the AEV 1RES element
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4.7 Results
Two sets of mutations were introduced into stem loopl (SI). Mutation SI changed CUC 
(nt 273-275) to GGG in one of the strands of the SI stem which is predicted to base-pair 
with GAG (nt 471-473) in the complementary strand, as indicated by the red colour in 
Figure 4.3A. This mutation is predicted to disrupt the base-pair interactions in the SI 
region which subsequently inhibits foimation of the pseudoknot stmcture (Figure 4.3B). 
As expected, mutation in this region severely inhibited 1RES activity in vitro and in vivo 
(Figure 4.4 and 4.5), suggesting that this mutation would prevent the proposed base-pair 
interactions and destabilise the pseudoknot stmcture.
A compensatory mutation in the SI region, which led to the change of GAG (nt 471-473) 
to CCC in the complementaiy strand of the SI stem as indicated by the green colour in 
Figure 4.3A was expected to restore 1RES activity. The results from in vitro and in vivo 
experiments are represented in Figures 4.4 and 4.5, indicating that base pairing- 
interactions within this region were restored and therefore 1RES activity was restored. 
This helps confirm the proposed secondaiy stmcture. However, the failure of the second 
mutation to fully restore 1RES activity (about 85 % activity of the wt 1RES element was 
achieved) suggests that these nucleotides are very important for AEV 1RES activity and it 
is speculated that restoring the base pair interactions by non-natural nucleotides in this 
region could still slightly destabilise the pseudoknot stmcture or destroy any specific 
functions of these nucleotides apart from base-pair interactions (eg in RNA-protein 
interactions).
Mutation in stem loop 2 (S2) changed CC (nt 460/461) to GG (red colour in Figure 4.3A) 
predicted to dismpt the base-pair interactions with GG and then destabilize the 
pseudoknot stmcture (Figure 4.3B). The results from in vitro (Figure 4.4) and in vivo
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Figure 4.4 Analysis of AEV 1RES pseudoknot mutations in vitro. Plasmid 
DNAs (1 |ig) containing AEVs and the pseudoknot mutations (AEVSl, AEVSl 
comp, AEVS2 and AEVS2 comp) were used to programme TNT reactions 
(Section 2.19). Products (4 pi) were analysed by 10 % SDS-PAGE and 
autoradiography (Section 2.23). CAT and LUC proteins are indicated.
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Figure 4.5 Analysis of AEV 1RES pseudoknot mutations in cells. Plasmid DNAs (2 pg) 
containing AEVs and pseudoknot mutants (AEVSl, AEVSl comp, AEVS2 and 
AEVS2comp) were transfected into vTF7-3-infected TK-143 (TK-) cells (Section 2.22), 
Cell lysates were harvested and analysed by 10 % SDS-PAGE (Section 2.23) and Western 
blot (Section 2.24) to detect CAT and LUC proteins. Luciferase assay data are also shown 
(Section 2.25). Results are representative of 2 independent experiments.
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(Figure 4.5) experiments indicate that this mutation completely abrogated 1RES activity, 
suggesting that these nucleotides are critical for 1RES activity, but this did not confinn 
the base-pair interactions within the pseudoknot stmcture.
Compensatory mutations in stem loop 2 (S2) changed GG (nt 481/482), which are 
represented by the green colour in Figure 4.3A, to CC. This change was predicted to 
restore base-pair interactions and stabilize the pseudoknot stmcture (Figure 4.3 A and C). 
As expected, these mutations efficiently restored 1RES activity (about 68 % of wt AEV 
1RES activity) (Figure 4.4 and 4.5). This result confirms that the base-pair interactions in 
stem loop 2 are required for stabilization of the pseudoknot stmcture but also reflects the 
importance of the nucleotides in this region since 100 % compensation was not achieved.
4.8 Effect of an eIF4A inhibitor on AEV 1RES activity
In previous studies it has been found that the HCV and PTV-1 1RES elements have no 
requirement for the eIF4A RNA helicase associated with the eIF4F initiation factor 
complex (Pestova et al., 1998a; Pisaiev et al., 2004). As the AEV 1RES element 
resembles the sequence and secondary stmcture model of the HCV and PTV-1 1RES 
elements, the requirement for eIF4A was studied in vitro and in vivo using a natural 
inhibitor of eIF4A (hippuristanol). Hippuristanol is a polyoxygenated steroid from the 
coral Isis hippuris (Higa et al., 1981). It has been recognized as a eukaryotic translation 
inhibitor, which selectively inhibits the RNA-binding activity and RNA-dependent 
ATPase and RNA helicase activities of both free and eIF4G-bound forms of eIF4A 
(Bordeleau et al., 2006).
Consistent with previous reports that the HCV, CrPV and PTV-1 1RES elements do not 
require eIF4F (Pestova et al., 1998a; Kanamori and Nakashima, 2001; Jan and Samow,
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2002; Pisarev et al., 2004), experiments using dicistronic vectors demonstrated that 
hippuristanol does not affect HCV, CrPV, PTV-1, PEV-8 and SV2 1RES activities while 
it dramatically inhibits cap-dependent translation [Chard (PhD thesis, 2005); Bordeleau et 
al., 2006; Chard et al., 2006a]. Moreover, the IRES-mediated translation of EMCV and 
PV mRNAs, which are highly dependent on eIF4A helicase activity, aie also completely 
inhibited by hippuristanol (Bordeleau et al., 2006). Addition of hippuristanol also causes 
delayed poliovinis replication that may result from the higher sensitivity of the poliovims 
IRES-mediated translation to inhibition by hippuristanol than cap-dependent translation 
(Bordeleau et al., 2006), as previously reported for the EMCV 1RES element (Pestova et 
al., 1996a). The high dependency of these 1RES elements on eIF4A suggests that the 
interaction between the 1RES element and the eIF4G-eIF4A complex may be 
substantially different from the interaction occurring during cap-dependent translation 
(Pestova et al., 2006). It has been suggested that inhibition by hippuristanol might be an 
alternative strategy for selective inhibition of long and highly structured cellulai' mRNAs 
(with or without an 1RES element) which are strongly dependent on eIF4A, such as those 
that encode regulating growth factors (Pestova et al., 2006).
4.9 Methods
The requirement of the AEV 1RES element for eIF4A was firstly investigated in vitro. 
Dicistronic plasmid DNAs including pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC and 
pGEM-C AT /AEV s/LUC were assayed in the TNT RRL system (Section 1.19) plus or 
minus hippuristanol (10 pM). The products (4pl) were analyzed by 10 % SDS-PAGE and 
autoradiography (Section 2.23) for CAT and LUC expression.
Furtheimore, the same set of plasmids were assayed in vivo in TK-143 (TK-) cells, with 
or without 0.5pM liippuristanol. After 10 hrs the cells were harvested, and cell lysates
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were assayed by luciferase assay (Section 2.25) and by 10 % SDS-PAGE (Section 2.23) 
followed by Western bloting (Section 2.24) for CAT and LUC expression.
4.10 Results
As seen in both in vitro and in vivo experiments (Figure 4.6 and 4.7), the eIF4A inhibitor 
hippuristanol severely blocked upstream ORF (CAT) translation as previously reported 
[Chai'd (PliD thesis, 2005); Bordeleau et al., 2006; Chard et al., 2006a].
In addition, consistent with previous experiments (Bordeleau et al., 2006), translation 
directed by the EMCV 1RES element was also greatly inhibited by the eIF4A inhibitor. 
However, AEV 1RES activity was partially resistant to the eIF4A inhibitor (about 68 % of 
the activity that was achieved in the absence of liippuristanol in vivo), which reveals a 
new feature of the AEV 1RES element, moderately different from the HCV and PTV 
1RES elements which are completely resistant to the eIF4A inhibitor [Chairi (PhD thesis, 
2005); Bordeleau et al., 2006; Chard et al., 2006a].
To confirm the result of hippuristanol on the AEV 1RES element, the effect of a dominant 
negative mutant of eIF4A protein (DQAD) (Pause et al., 1994a; Svitkin et al., 2001) 
which is deficient in the RNA helicase and recycling activities associated with eIF4A was 
assessed on AEV, PTV and EMCV 1RES elements by Louisa Chaid (lAH-Pirbright). 
Consistent with previous reports (Pause et al., 1994a; Svitkin et al., 2001a; Chard et al., 
2006a), EMCV 1RES activity was sensitive to this inhibition but the PTV-11RES was not 
affected by it. As seen with hippuristanol, AEV 1RES element was again partially 
resistant to the dominant negative inhibitor (DQAD) (Figure 4.8).
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Figure 4.6 Effect of the eIF4A inhibitor (hippuristanol) on the activity of the 
AEV 1RES in vitro. TNT reactions (Section 2.19) were programmed using 1 pg 
plasmid DNA, with or without hippuristanol (10 pM). The products (4pl) were 
analysed by 10 % SDS-PAGE and autoradiography (Section 2.23).
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Figure 4.7 Effect of hippuristanol on AEV 1RES activity in cells. Dicistronic plasmid 
DNAs (2pg) were transfected in TK-143 (TK-) cells (Section 2.22). Subsequently, 10 h 
before harvesting the cells, 0.5pM of the eIF4A inhibitor (hippuristanol) was added. Cell 
lysates were subjected to luciferase assay (Section 2.25) and also analysed by 10 % SDS- 
PAGE (Section 2.23) and Western blot (Section 2.24). Results are representative of 2 
independent experiments.
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Figure 4.8 Effect of the eIF4A inhibitor (DQAD) on the activity of the AEV 1RES in 
vitro. TNT reactions (Section 2.19) were programmed using 0.5pg plasmid DNAs including 
pGEM-CAT/AEV/LUC, pGEM-CAT/EMCV/LUC and pGEM-CAT/PTV/LUC. The 
dominant negative mutant of eIF4A protein (DQAD) (lOOng or 250ng) was directly added 
to TNT reactions. Products (4pl) were analysed by 10 % SDS-PAGE and authoradiography 
(Section 2.23). CAT and LUC proteins are indicated. This experiment was kindly performed 
by Louisa Chard (lAH-Pirbright).
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4.11 Effect of potassium on AEV, PTV-1 and HCV 1RES activities
It has been detennined that strongly enhances the in vitro translation efficiencies of 
eukaryotic mRNAs (Pelham, 1976), and that various types of mRNAs require different 
KCl concentrations for optimum translation (Jackson, 1991). In addition, the optimum 
concentration for protein synthesis is achieved with higher concentration of potassium 
acetate rather than KCl in the RRL in vitro system (Weber, 1977; Jackson, 1991); this is 
related to the high concentration of C r  (150mM) that can inhibit binding of mRNA to 
ribosomes at the initiation stage (Weber, 1977; Niepmann, 2003).
Initiation of protein synthesis on uncapped RNAs is also stimulated by K‘*‘, typically 
uncapped RNAs have been reported to require lower optimum concentrations of KCl than 
capped RNAs (Bergmann and Lodish, 1979; Jackson, 1991). However, picornavims and 
HCV 1RES elements require higher optimum KCl concentrations, which vary according 
to the 1RES type. Type II picornavims IRESes and the HCV 1RES have been found to 
require higher optimum KCl concentiations than the entero-, rhinovims and HAV 1RES 
element (Bortuan et al., 1995). Like capped and uncapped mRNAs, the activity of 
picornavims 1RES elements is better at high concentrations of potassium acetate than 
potassium chloride (Jackson, 1991; Niepman, 2003).
As the secondary stmcture and function of the AEV 1RES element resembles those of the 
Flaviviridae and picornavims type IV 1RES elements, the effect of different KCl 
concentrations on the AEV 1RES element was assayed and compared with the related 
1RES elements (HCV and PTV) and the EMCV 1RES element.
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4.12 Methods
Dicistronic plasmid DNAs of the foiTn pGEM-CAT/LUC, containing the AEV, EMCV 
and PTV 1RES elements, were transcribed to produce mRNAs (Section 2.15). In addition, 
the dicistronic plasmid pXLJ/HCV/NS’ containing the HCV 1RES element (nt 40-370 of 
HCV genome) was also transcribed as described in Section 2.15. The upstream cistron of 
the latter plasmid encodes Xenopus laevis cyclin B2 and the downstream ORF encodes 
the non-structural protein (NS) of the influenza virus as described in Reynolds et al 
(1995). The RNA products (1 pg) were translated in commercial Flexi® Rabbit 
reticulocyte lysate (RRL, Promega) which did not already contain added KCl, as 
described in Section 2.18. The reactions were supplemented with a wide range of KCl 
concentrations from 30mM to 120mM as shown in the legend to Figure 4.9 and 4.10. 
The products (4pl) were analysed by 10 % SDS-PAGE followed by autoradiography 
(Section 2.23) for CAT, LUC, Cyclin B2 and NS expression.
4.13 Results
Translation of the upstream ORFs (CAT and Cyclin B2) required a lower optimum KCl 
concentration than 1RES-mediated translation. Translation of all upstream ORFs was 
greatly reduced at KCl concentrations above 100 mM, except for the EMCV IRES- 
containing mRNA (Figure 4.9 and 4.10).
The KCl concentration for optimum 1RES activity was the same for the EMCV, HCV and 
AEV 1RES elements (100 mM), however this concentration was lower for the PTV-1 
1RES element (60 mM). On the other hand, the HCV and AEV 1RES elements exhibited 
much more sensitivity to sub-optimal KCl concentrations so that concentrations less than 
30 mM severely abrogated their activities. Furthermore, while the HCV and EMCV 1RES 
activities showed considerable 1RES activity at KCl concentrations above lOOmM, the
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Figure 4.9 Comparison of the efficiencies of IRES-mediated translation at different 
KCl concentrations. Translation reactions were performed in Flexi RRL (Section 2.18) 
using mRNAs (1 pg) transcribed from the dicistronic plasmids of the form pGEM- 
CAT/1 RES/LUC form containing the EMCV, PTV and AEV 1RES elements. The reactions 
were supplemented with a wide range of KCl concentrations as demonstrated. Products (4 
pi) were subjected to 10 % SDS-PAGE and autoradiography (Section 2.23). CAT and LUC 
proteins are indicated.
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Figure 4.10 Comparison of the efficiencies of HCV IRES-mediated translation in 
different KCl concentrations. Translation reactions were performed in Flexi RRL 
(Section 2.18) using 1 pg RNA of the form Cyclin B2/IRES/NS at a wide range of 
KCl concentrations, as described in the text. Products were subjected to 10 % SDS- 
PAGE and autoradiography (Section 2.23). Cyclin B2 and NS proteins are indicated.
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PTV-1 and AEV 1RES activities were greatly reduced at higher than lOOmM KCl 
concentrations (Figure 4.9 and 4.10). These results provide evidence that the function of 
the AEV and HCV 1RES elements is fairly inefficient in unsupplemented RRL, but can 
be significantly enhanced by addition of KCL The EMCV and PTV-1 1RES elements 
exhibit lower sensitivity to sub-optimal KCl concentrations, however. On the other hand, 
in terms of the concentration of KCl required for optimum 1RES activity, the AEV 1RES 
activity resembles the EMCV and PTV-1 1RES elements that show optimum activity at 
lower concentration of KCl than the HCV 1RES element.
4.14 Discussion
In chapter 3, I demonstrated substantial similarities between the AEV and HCV 1RES 
elements including short length, high sequence identity, lack of polypyrimidine tract and 
an identical predicted secondary stmcture. However, these features are quite distinct from 
those of the Picornaviridae with the exception of PTV-1, PEV-8 and SV2. The 
mechanism of internal initiation in Flaviviridae has been well characterized (Section 1.8), 
the specific stmcture of the HCV 1RES element allows it to directly bind the small 
ribosomal subunit without any requirement for the eIF4F complex (Pestova et al., 1998a). 
These stmctural and functional features have also been confirmed for the PTV-1 1RES 
element (Pisarev et al., 2004; Chard et al., 2006a).
The region that recmits the ribosome in the HCV and PTV-1 1RES elements adopts a 
particulai confoimation of a pseudoknot stmcture, although the sequence homology 
within the pseudoknot stmcture is relatively low between these two 1RES elements. This 
feature is critical in ribosome recmitment to HCV-like 1RES elements. In order to provide 
experimental evidence for the predicted pseudoknot stmcture in the AEV 1RES, we 
performed mutational analysis within tliis region, AEV 1RES activity was severely
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affected by mutation in either of the stem regions of the predicted pseudoknot, resulting 
from disruption in base-pairing within the stems. Interestingly, AEV 1RES activity was 
greatly restored when compensatory mutations were introduced to restore the predicted 
base-pairing (Figure 4.4 and 4.5). These data strongly suggest that the base-pairing 
interactions and therefore, the predicted pseudoknot stmcture, is correct and critical for 
AEV 1RES activity.
Domain Ille is the most conseiwed region between the AEV and HCV 1RES elements. 
This domain includes a 4 nt stem with an apical GAUA loop, these are absolutely 
conserved between the two 1RES elements. Interestingly, this domain is also highly 
conserved with the PTV-1 1RES element which contains an apical GACA loop. This 
domain is very important for 1RES activity, as changing a single nucleotide abolished the 
HCV and PTV-1 1RES activities (Psaridi et al., 1999; Lukavsky et al., 2000; Chard et al., 
2006a). In agreement, changing the apical GAUA loop to AAA A in the AEV 1RES 
element completely abrogated 1RES activity, suggesting that the nature of each nucleotide 
rather than the overall stability of the domain is critical for AEV 1RES activity.
Complementation of defective picornavims 1RES elements has been previously reported 
(Stone et al., 1993; Drew and Belsham, 1994; van der Velden et al., 1995; Roberts and 
Besham, 1997). It has been shown that PV 1RES elements can complement each other if 
they have over 70 % sequence identity (Stone et al., 1993). Defective point mutations in 
the EMCV 1RES element can also be complemented in trans by a wild type EMCV 1RES 
element in vivo. Also, a tmncated EMCV 1RES element, lacking sequences from the 5’ 
temiinus to nt 411 (domain H) was stimulated by an intact EMCV 1RES element either 
alone or linked to another coding sequence. But, further deletion to nt 484 (domain I) led 
to a lack of complementation by the wt EMCV 1RES element (van der Velden et al.,
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1995). Co-expression of distinct and tmncated regions of the EMCV 1RES in the positive 
sense orientation with the defective mutants resulted in complementation of defective 
1RES elements. These complementing components of the 1RES were unable to direct 
internal initiation alone. Therefore, it was proposed that there are several distinct 
functional regions within the EMCV 1RES, each of which may be complemented from a 
separate molecule in trans (Roberts and Belsham, 1997).
In contrast to picomavimses, complementation of defective tmncated or point mutants of 
the HCV 1RES element cannot be achieved in trans by a wt HCV 1RES element (Tang et 
al., 1999). The authors concluded that the suggested mechanism of distinct 
complementation of picornavims 1RES elements in trans (Roberts and Belsham, 1997), 
could not be the case for HCV 1RES element. They speculated that the HCV 1RES 
element functions only in cis and the whole 1RES element is required for the 
confoimation of the highly ordered stmcture. In addition, direct recmitment of the 
ribosome onto the HCV 1RES may avoid the transfer of translational machinery between 
the two 1RES elements (Tang et al., 1999). Failure to complement defective AEV 1RES 
elements revealed another characteristic similar to that of the HCV element.
In comparison to the HCV and PTV-1 1RES elements which are completely resistant to 
the eIF4A inhibitor hipporistanol, the data in this thesis show that the AEV 1RES element 
exhibits partial resistance (Bordeleau et al., 2006; Chard et al., 2006a). This feature 
reveals a subtle difference between the AEV element and the above 1RES elements, 
indicating that the ribosome recmitment onto the AEV 1RES element is somewhat 
dependent on RNA-unwinding by eIF4A which could be independent of the eIF4F 
complex (free eIF4A) (Grifo et al., 1983; Edery et al., 1983). This property, however, is
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in complete contrast to the type I, II and III 1RES elements which aie highly dependent on 
the function of eIF4A.
The 1RES elements of the picomavimses and HCV exhibit different features in terms of 
their optimum requirements for KCl in the in vitro RRL translation system. These 1RES 
elements generally require higher optimum KCl concentrations than cap-dependent 
translation, and are different according to the specific 1RES element (Jackson 1991; 
Boiman et al., 1995). Furtheimore, Jackson (1991) showed that initiation at the authentic 
initiation codon on the EMCV and PV 1RES elements is dependent on KCl but not 
potassium acetate concentration. However, Niepman (2003) found that neither KCl nor 
potassium acetate influence initiation at the coiTect initiation site on the FMDV 1RES 
element. However, the FMDV 1RES element was stimulated with concentrations of up to 
150mM KCl and 200mM potassium acetate; the high concentration of potassium 
stimulates the association of the FMDV 1RES with the ribosomal subunit and therefore 
FMDV 1RES-directed translation (Niepman, 2003). Therefore, the ability of picornavims 
1RES elements to associate with ribosomal subunits under high salt conditions, which are 
restrictive for cellular mRNAs, could confer a competitive advantage since during natural 
infection high intracellular salt concentrations are achieved due to an increased membrane 
permeability (Niepman, 2003).
Consistent with previous work on viral 1RES elements, our results indicate that the AEV 
and PTV-1 1RES elements are greatly stimulated by supplementation of KCl 
concentrations up to lOOmM in vitro, this also reduces upstream ORF (CAT) translation. 
However, unlike the HCV 1RES element, a higher concentration of KCl significantly 
reduced the activity of these 1RES elements. These results indicate that although the 
activity of these 1RES elements, especially the AEV 1RES element, may be enhanced
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with higher KCl concentrations, the range of their KCl requirements is very restricted. 
This suggests that the appropriate folding of the AEV 1RES element during translation 
initiation may require a narrow range of KCl concentration in that concentrations above 
or below this range could inhibit the proper folding of AEV 1RES structure.
The lower salt (K^) requirement of cap-dependent translation than IRES-mediated 
translation led to the recent discovery that picornavims 1RES elements can also stimulate 
translation of the upstream ORF in a dicistronic constmct at high K^ concentrations 
(Junemann et al., 2006). In a series of experiments, it has been demonstrated that the 
picornavims type I and II 1RES elements are able to enhance upstream ORF expression at 
high concentrations of KCl (120 mM) when the 1RES is bound with eIF4F complex or C- 
terminal part of eIF4G. On the other hand, the HCV 1RES element which is not bound 
with eIF4G did not exhibit such a stimulation. Jimemann et al (2006) concluded that the 
eIF4F complex or C-temiinal part of eIF4G bound with picornavims 1RES elements can 
interact with cap-stmcture or 5’-teiminus of RNA, respectively, and therefore enhance 
upstream ORF translation in cis.
In agreement with Junemann et al (2006) experiments, using dicistronic constmcts 
(CAT/LUC) our results demonstrate that the EMCV 1RES element which captures eIF4G, 
can enhance the upstream ORF (CAT) expression in 120 mM concentration of KCl. 
However, the HCV, PTV-1 and AEV 1RES elements which do not bind eIF4G cannot 
provide such stimulation under this condition (Figure 4.9 and 4.10). Tills result also 
indirectly supports the idea that the AEV 1RES element, like the HCV and PTV-1 1RES 
elements does not require eIF4G for function.
157
The results represented in this chapter provide strong evidence that the AEV 1RES 
element possesses a secondary structure similar to the HCV and type IV picornavims 
1RES elements which is striking in the regions responsible for ribosome recmitment 
including domain Illd, Elle and Illf (pseudoknot). Consistent with its stmcture, the AEV 
1RES behaviour is also highly reminiscent of the above 1RES elements.
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Chapter 5
Characterization of the Seneca valley virus-001
(SVV-001) 5’ UTR
5.1 Introduction
A new viras was recently isolated from pig tissue in the USA and refeiTed to as Seneca 
valley viras-001 (SVV-001). Further investigations revealed the prevalence of antibodies 
against SVV-001 in pigs and replication of the virus in piglet tissues that were inoculated 
with the virus. In addition, SVV-001 can kill smooth muscle cells of pig in vitro. These 
data suggest that the pig is probably the natural host of the viras. However, intravenous 
administration of SVV-001 into adult pigs did not cause any disease symptoms 
(Hallenbeck et al, personal communication). Interestingly, SVV-001 showed oncolytic 
activity against adult tumor cells with neuroendocrine features but it did not affect normal 
human cells. It is therefore of potential therapeutic value. SVV-001 is capable of 
replicating very quickly in permissive cell lines, resulting in killing of the cells and 
yielding high virus titres. The oncolytic properties of the viras overcome the 
disadvantages of previously discovered oncolytic virases such as inhibition by any 
component of human blood, neutialization by pre-existing antibodies and binding to 
erythrocytes, which have potential toxicity issues. The vims exhibits a novel property for 
treatment of lung cell cancers so that a systematic injected single dose of the vims 
containing only Ix 10^  vims particles/ kilogram body weight into nude mice is able to 
completely and rapidly remove a pre-established small cell lung tumor. This viral
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oncolytic treatment revealed a minimal toxicity even at doses 10 million times higher 
(Hallenbeck et al., personal communication).
The complete genomic sequence of SVV-001 exhibits a typical picornavims arrangement. 
In addition, several vimses isolated from pig farms in different regions in the USA are 
phylogenetically, serologically and functionally related to SVV-001. Due to the high 
similarity between proteins corresponding to the VP2 and VP3 proteins of picomavimses, 
the vims was initially thought to be a member of the cardiovims genus, but further 
analysis revealed that there are considerable differences between the 2A, L, 2B and 3A 
proteins. Therefore, it has been suggested that SVV-001 be classified within a new genus 
called Senecoviriis (Knowles, lAH-personal communication).
The SVV-001 genome contains 7280 nt, the 5’ and 3’ UTRs are 666 and 71 nt in length, 
respectively. SVV-001 is able to replicate easily and quickly in some cell lines such as 
HEK-293 cells (peimissive cells) but it cannot grow in nonpeimissive cells such as Hela 
cells. This may indicate that the SVV-001 RNA contains an 1RES element which 
contributes to the tissue tropism of SVV-001 (Section 1.15). As this is a new 
picornavims with novel therapeutic properties, the SVV 5’ UTR was investigated in the 
dicistronic vector pGEM-CAT/LUC to analyse and characterize any 1RES element in this 
region.
5.2 Assaying the SVV-001 5 UTR in vivo and in vitro
To confirm that the SVV-001 5’UTR contains an 1RES element, the plasmid pGEM- 
CAT/LUC (Section 2.11) was used to constmct a dicistronic mRNA including the entire 
SVV-001 5’ UTR between the two reporter ORFs, CAT and LUC (Figure 5.1). To 
characterize the SVV 1RES element, the plasmid pGEM-CAT/LUC containing the SVV-
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Figure 5.1 Diagram of cloned plasmid constructs. The SVV 5’ UTR in the sense and 
antisense orientation and SVV 5’ UTR+ 30nt of ORF sequence were isolated by PCR. The 
fragments were cloned between two reporter genes by restriction enzyme digestion (Bam 
HP). Numbers correspond to the nucleotide numbers of the SVV sequences ( 1 to 666 being 
the whole 5’ UTR).
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001 5’ UTR was assayed in vitro and in vivo. Furthermore, to assess any effect of viral 
coding sequences on possible SVV-001 1RES activity, the SVV-001 5’ UTR + 30 nt of 
viral coding sequence was also assayed between the two reporter ORFs, CAT and LUC, 
in vivo and in vitro.
5.3 Methods
To isolate the SVV-001 5’UTR (nt 1-666) and SVV-001 5'UTR + 30 nt of viral coding 
sequences (nt 1-666), two PCR reactions were carried out. The plasmid pGEM-4Z 
(Promega) containing the SVV-001 cDNA sequence from nt 1 to 1074, known as pNTX-
01 (a gift from Dr Reddy, Neotropix laboratoiy, USA) was used as template (See 
Appendix III for the SVV-001 5’UTR sequence). The reactions consisted of: 5 pi DNA,
2 pi 5mM dNTPs (Promega), 1 pi of each primer (forward 1 plus reverse 666 or 694), 5 
pi Thermococciis zUUgii (Pfx 50™) DNA Polymerase lOx buffer (Invitrogen) and 1 pi 
Thermo coccus zUUgii (Pfx 50^^) DNA Polymerase (Invitrogen), The reactions were made 
up to 50 pi with sterile distilled H2O. Primer sequences are given in Table 5.1 and 
reactions cycle details are shown in Table 5.2 and 5.3.
The PCR products were ligated into the pGEM®-T Easy vector (Promega), and following 
BamHI digestion, the derived fragments were cloned into 5rtm7//-digested, and 
phosphatase-treated pGEM-CAT/LUC vector (Section 2.11). Plasmids pGEM- 
CAT/SVVs/LUC, pGEM-CAT/SVVs+ORF/LUC and pGEM-CAT/SVVas/LUC 
containing the SVV-001 5’ UTR (nt 1-666) in the sense orientation, SVV-001 5’ UTR 
plus 30 nt of viral coding sequences (nt 1-694) and SVV-001 5’ UTR (nt 1-666) in the 
anti-sense orientation, respectively, were constructed as shown in Figure 5.1. The new 
constructs were sequenced using LUCs primer (Appendix HI)
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Primers S equ en ces
SVV Forward 1 ATGGATCCTTTGAAATGGGGGGC
SVV Reverse 666 ATGGATCCATTTGTATGTGCTAC
SVV Reverse 696 ATGGATCCTGTATCGAAAGAAA
Table 5.1 Sequences (5'-33 of primers used for PCR reactions to 
isolate SVV-001 5’ UTR and SVV-001 5' UTR + ORF. Primers were 
obtained from Sigma Genosys Ltd. Underlined are the BamHI restriction 
enzyme sites included in the primers for cloning purposes.
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Step PCR conditions to isolate SVV-001 5’ UTR
1 94^ C for 2 min
2 94*^  C for 15 Sec
3 60° C for 30 Sec
4 68° C for 1 min
5 Repeat from step 2x30
6 68° C for 5 min
Table 5.2 SVV-001 5’UTR PCR cycle details
Step PCR conditions to isolate SVV-001 5’ UTR+ORF
1 94° C for 2 min
2 94° C for 15 Sec
3 58° C for 1 min
4 68° C for 1 min
5 Repeat from step 2x22
6 68° C for 5 min
Table 2.3 SVV-001 5’UTR PCR +ORF cycle details
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5.4 Results
5.4.1 Analysis of the SVV 5’ UTR in the mammalian coupled 
transcription-translation system (TNT)
Plasmids pGEM-CAT/SVVs/LUC and pGEM-CAT/SVVs+ORF/LUC containing the 
SVV-001 5’ UTR and SVV-001 5’ UTR+30 nt of viral coding sequences were analysed 
by TNT (Section 2,19) in the RRL system. Plasmids pGEM-CAT/EMCV/LUC and 
pGEM-CAT/LUC (van der Velden et al., 1995), and pGEM-CAT/SVVas/LUC were 
assayed as control samples. The products (4pl) were subjected to Luciferase assay 
(Section 2.25) and SDS-PAGE analysis (10 %) followed by autoradiography (Section 
2.23), and are shown in Figure 5.2. As expected, the upstream ORF (CAT) was 
efficiently expressed in all samples. However, insertion of the SVV 5’UTR (666 nts) 
between the chloramphenicol acetyl transferase (CAT) and luciferase (LUC) reporter 
cistrons resulted in no expression of the downstream cistron. In addition, inclusion of 30 
nt viral coding sequences after the SVV 5’UTR had only a small effect on 1RES activity, 
which was still lower than background activity from the control pGEM-CAT/LUC 
construct (Figure 5.2). The EMCV 1RES element, which is known to have efficient 1RES 
activity, was used as a positive control.
5.4.2 Analysis of SVV-001 5’ UTR in mammalian cell lines
SVV-001 has been shown to replicate rapidly in some cell lines (permissive cells) such as 
HEK-293 cells, while other cell lines e.g. Hela cells, do not allow viral replication and are 
considered as nonpermisive (Hallenbeck et al., personal communication). The SVV-001 
5’ UTR and SVV-001 5’ UTR + ORF were analysed in HEK-293 (permissive), Hela 
(nonpermissive) and TK-143 (TK-) cells which have not been tested for viral replication
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Figure 5.2 The SVV-001 5’ UTR sequence does not function as an 1RES. RRL (TNT) 
reactions were performed using 1 pg plasmid DNA to compare SVV-001 5’ UTR+30 nt of 
downstream coding sequence (SVV+30) to the wild type (SVVs) SVV 1RES activity, together 
with a no 1RES control (CAT/LUC), anti sense (SVVas) and positive control (EMCV) 
plasmids (Section 2.19). TNT reactions (4 pi) were mn on an acrylamide gel (10 %) (Section 
2.23) and an autoradiograph is shown. CAT and LUC proteins are indicated. The results are 
representative of 2 independent experiments.
166
before. Therefore, plasmids pGEM-CAT/LUC, pGEM-CAT/EMCV/LUC, pGEM- 
CAT/SVVs/LUC, pGEM-CAT/SVVs+ORF/LUC and pGEM-CAT/SVVas/LUC were 
transfected into the above cell lines (Transient expression system; Section 2.22). LUC 
expression was quantified by the luciferase assay (Section 2.25). Consistent with the in 
vitro experiment, the SVV-001 5’ UTR was unable to direct LUC expression in all 
mammalian cell lines tested. However, inclusion of 30 nt of the viral downstream coding 
sequence increased IRES-mediated translation of the LUC ORF but it was still 
significantly lower than EMCV 1RES activity. LUC values were detectable by LUC assay 
but not Western blot analysis. Similarly, the anti-sense orientation of the SVV-001 1RES 
element resulted in no expression of LUC. However, the upstream ORF (CAT) was 
expressed efficiently in all samples as expected. The lysates from HEK 293 and Hela 
cells transfection were also analysed by 10 % SDS-PAGE (Section 2.23) and Western 
blotting (Section 2.24), for CAT and LUC expression (Figure 5.3 and 5.4).
5.5 Analysis of potential stimulation of the SVV 5’ UTR by co­
expression of PV 2A protease
Previous studies have revealed that the poor activity of type 1 picornavims 1RES elements 
can be stimulated in certain cell types by co-expression with PV 2A or FMDV L protease 
(Roberts et al., 1998). As analysis of the SVV 5’ UTR in vitro and in vivo did not confinn 
any 1RES activity in this region, the ability of the proposed 1RES element to function in 
the presence of PV 2A protease was assessed in HEK 293 cells. Therefore, the plasmid 
pGEM-CAT/SVVs/LUC was co-expressed with plasmid pAA802 which expresses 
poliovims 2A^ ™ in HEK 293 cells (Section 2.22) and lysates were analyzed by Western 
Blotting (Section 2.23 and 2.24). As expected, cap-dependent expression of the upstream
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Figure 5.3 SVV-001 5’ UTR activity in Hela cells. Reporter plasmids containing the SVV- 
001 5’ UTR in the sense orientation (SVVs), EMCV 1RES element (EMCV), SVV-001 5’ 
UTR+30 nt of downstream coding sequence (SVVs+30), the SVV-001 5’ UTR in the 
antisense orientation (SVVas) with a no 1RES control (CAT/LUC) and a no DNA sample 
were transfected into vTF7-3-infected Hela cells (Section 2.22). The lysates were harvested 
and quantified by luciferase assay (Section 2.25) and also analyzed by 10 % SDS-PAGE 
(Section 2.23) followed by Western blotting (Section 2.24). The results from Western blot 
analysis and LUC assay are shown. The experiments were performed in duplicate and the 
results are representative of 2 independent experiments.
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CAT ORF was inhibited in the presence of the 2A protease. However, the 2A protease 
did not stimulate downstream ORF expression directed by the SVV-001 5’ UTR (Figure 
5.4).
5.6 Sequence comparison of the SVV-001, HCV and CSFV 1RES 
elements
As analysis of the SVV-001 5’ UTR in vitro and in vivo did not indicate the presence of 
any 1RES activity, we compared the SVV-001 5’ UTR sequence to other picornavims 
1RES elements and the Flaviviridae 1RES elements. Sequence alignments were 
performed between the SVV-001 5’ UTR (EMBL accession number: ABG23522) and 
HCV (EMBL accession number: AB016785) and CSFV (EMBL accession number: 
J04358) 1RES elements using the Clustal W programme (http://www.ebi.ac.ulc/clustalw/^ 
and manually edited.
The HCV and CSFV 1RES elements have been proposed to be located within nt 44-344 
and nt 68-372 of their 5’ UTRs, respectively. Therefore, alignment between these regions 
and the proposed area of the SVV-001 1RES element was performed. The sequence 
alignments are exhibited in Figure 5.5 and 5.6.
The results revealed that there is significant sequence identity between the SVV-001 5’ 
UTR and HCV and CSFV 1RES elements, 52.4 % and 46.8 %, respectively. As indicated 
in Figure 5.5 and 5.6 there is considerable sequence similarity between the areas 
associated with the individual domains of the HCV and CSFV 1RES elements, suggesting 
that these domains are likely to exist within the SVV-001 1RES element. Strikingly, 
alignment of sequences of these 1RES elements demonstrates that the SVV-001 1RES 
element can fold the critical pseudoknot stmcture similar to that of the HCV and CSFV
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Figure 5.4 SVV-001 5’ UTR activity in HEK 293 cells and the effect of 2A protease on 
1RES activity. Reporter plasmids containing the SVV-001 5’ UTR in the sense orientation 
(SVVs), the EMCV 1RES element (EMCV), the SVV-001 5’ UTR4-30 nt of downstream 
coding sequence (SVVs +30), the SVV-001 5’ UTR in the antisense orientation (SVVas) a no 
1RES control (CAT/LUC) and a no DNA sample were transfected into vTF7-3-infected HEK 
293 cells (Section 2.22). In addition, to determine the effect of 2A protease on SVV 1RES 
activity, plasmid pAA802 (0.2pg) which expresses poliovims 2A protease (Section 2.22) was 
co transfected with the SVVs construct. The lysates were harvested and quantified by 
luciferase assay (Section 2.25) and also analyzed by 10 % SDS-PAGE (Section 2.23) 
followed by Western blotting (Section 2.24). The results from Western blot analysis and LUC 
assay are compared. The experiments were performed in duplicate and the results are 
representative of 3 independent experiments.
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nt359S W  ------ GCAAGATGGCTACCCACCTCGGATCACTGAACTGGAGCTCGACCCT— CCTTAGTAA
HCV CCTGTGAGG-AACTACTGTCTTCA CGCAGAA— AGCGTCTAGCCATGGCGTTAGTAT1^  ^341 * ** ★★ ++★
S W  GGGAACCGAGAGGCCTTCGTGCAACAAGCTCCGACACAGAGTCCACGTGA-CTGCTACCA
HCV GAGTGTCGTGCAGCCTCCAGGCCCCCCCCTCCCGGG-AGAGCCATAGTGGTCTGCGGAAC
★  ★ ★ ★ ★ ★ ★  ★ ★  ★ -k -k -k -kH ---------  I-
Domain I l i a  1 |Domain Illb
S W  CCATGAGTACAT-GGTTCTCCCCTCTCGACCCAGGACTTCTTTTTGAATATCCACGGCTC
HCV CGGTGAGTACACCGGAATTGCCAGGACGACC— GGGTCCTTTCTTGGATCAATCCCGCTC
*  * * * * * * * *  *  *  *  *  *  * * * * *  *  *  * * * * * * *  * * * * *
Domain I l i a  1 |.„...........   Domain Illb------- -|
I Domain IIIc | | Domain Illdl and IIId2 —
S W  GAT— CCAGAGGGTGGGGCATGACCCCTAGCATAGCGAGCTACAGCGGGAACTGTAGCTA
HCV AATGCCTGGAGATTTGGGCGTGCCCCCGCG AGACTGCTA-GCCGAGTAGTGT TG
* *  ★ * * *  * * * * * * * * * * *  *  *  *  *  *  *  *  * * * * * * *  *I Domain IIIc | [---------Domain Hid
 1 I Domain Ille |
S W  GGCCTTAGCGTGCCTTG-GATACTGCCTGATAGGGCGACGGCC— TAGTCGTGTCGGTTC
HCV GGTCGCGAAAGGCCTTGTGGTACTGCCTGATAGGGTGCTTGCGAGTGCCCCGGGAGGTCT
* *  *  * * * * * *  *  * * * * * * * * * * * * * * *  *  *  *  *  *  *  *  *  *   — ------1 I Domain IIIc | ^
nt 666  I
S W  TATAGGTAGCACATACAAATATG
HCV CGTAGACCGTGCACÿC ATG
*  *  *  *  *  *  *  *  *  *—  nt 341
Figure 5.5 Sequence alignment of the SVV-001 and HCV 1RES elements. Sequences 
were aligned using Clustal W and manually edited. Individual domains associated with 
the SVV-001 and HCV 1RES elements are indicated above the sequence. Red lines 
indicate nucleotides that are predicted to be involved in formation of a pseudoknot 
structure at the 3’ end of the SVV-001 and CSFV 1RES elements. Sequence identity is 
52.4 %.
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nt 359 - Domain II .........................................
S W  GCAAGATGGCTACCCACCTCGGATCACTGAACTGGAGCTCGACCCTCCTTAGTAAGGGAA
C S F V   -GGGCACCCCTCCAGCGACGGCCGAAATGGG— CTAGCCATGCCCA-TAGTAGGA
*■** ★★ * * * * * * * * * * * * I----------------------Domain I I ----------- -------------------------
S W  CCGAGAGGCCTTCGTGCAACAAGCTCCGACACAGAGTCCACGTGACTGCTACCACCATGA
C SF V  CTAGCAAAC GGAGGGACTAGCCGTAGTGGCGAGCTCCCTGGGTGGTCTAAGTCCTGA
* ★  * * * * * * * * * * * * * ★ * ★ * *
Domain Illaj | Domain Illbj
S W  GTACATGGTTCTCCCCTCTCGACCCAGGACTTCTTTTTGAATATCCACGGCTCGATCCAG  
C SF V  GTACAGGACAGTCGTCAGTAGTTCGACG— TGAGCACTAGCCCACCTCGAGATGCTACGT* * * * * * * * * ★★ * I * I * * * * * * *
Domain Illal Domain Illb
I Domain IIIc |........................ |.......Domain Illdl and IIId2----------
S W  AGGGTGGGGCATGACCCCTAGCATAGCG-AGCTACAGCGGGAACTGT AGCTAGGCCT
C SF V  GGACGAGGGCATG-CCCAAGACACACCTTAACCCTGGCGGGGGTCGCTAGGGTGAAATCA  
* * * * * * * *  * * *  * * * * * *  * * * * *  * * * *I Domain IIIc | I— Domain Illd 1 and IIId 2 --------------------------
 1 I Domain Ille |
S W  TAGCGTGCCTTGGA— TACTGCCTGATAGGGCGACG GCCTAGTCGTGTCGGTTCT
C S F V  CATTATGTGATGGGGGTACGACCTGATAGGGTGCTGCAGAGGCCCACTAGCAG-GCTAGT 
* * * * * * * * *  * * * * * * * * * *  * * * * * * * *  * * *----------------\ I Domain Ille | —
nt 666  I
S W  ATAGGTAGCACATACAAATATG
C SF V  ATAAAAATCTCTGCTGTACATG* * * * * * *1***
nt 372
Figure 5.6 Sequence alignment of the SVV and CSFV 1RES elements. Sequences 
were aligned using Clustal W and manually edited. Individual domains associated 
with the SVV and CSFV 1RES elements are indicated above the sequence. Red lines 
indicate nucleotides that are predicted to be involved in formation of a pseudoknot 
structure at the 3’ end of the SVV-001 and CSFV 1RES elements. Sequence identity is 
46.8 %.
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IRES elements, the area involved in formation of the pseudoknot structure for these 1RES 
elements is marked by red lines. I also tentatively proposed a secondary and tertiary 
structure model for this region of the SVV-001 1RES element (Figure 5.7) and I found 
that the predicted secondary stmcture of the SVV-001 1RES element resembles those of 
the Flaviviridae.
5.7 Discussion
Analysis of the PTV-1, PEV-8, SV2 (Pisarev et al., 2004; Chard et al., 2006a, b) and 
AEV (Chapter 3 and 4) 1RES elements confirmed that they all contain an 1RES element 
closely related to the Flaviviridae 1RES elements. The function and stmcture of these 
newly identified 1RES elements, named as picomavims type IV 1RES elements, are 
fundamentally different from the picomavims type I, II and III 1RES elements.
Recently, analysis of SVV-001 has suggested that it can be classified within the 
Picornaviridae (Hallenbeck et al, personal communication). However, our investigation 
of the SVV-001 5’ UTR suggests that it bears a 5’ UTR similar' to those of the 
Flaviviridae. In particular, the finding of high sequence similarity between the SVV-001 
and flavivims 1RES elements raised the idea that they most likely form a similar 
secondary stmcture.
The most striking region of similarity is the sequences that form the sub-domain Ille, 
which is proposed to have an essential role in HCV 1RES tertiary stmcture (Kieft et al., 
1999). Alignment of the sequences in this area showed that all the 13 nts that form the 
stem and the apical loop of sub-domain Ille are conserved between the SVV-001 and 
HCV 1RES elements, and the 4 nts in the apical loop are consei*ved between the two 1RES 
elements. These 4 nts have been found to be critical for flaviviruses (Psaiidi et al..
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Figure 5.7 Secondary structure prediction of the SVV-001 domain Ille  and I llf  
(pseudoknot). The structure proposed is based on secondary structure comparisons with the 
3’ regions of the HCV and CSFV 1RES elements. Domains corresponding to the HCV and 
CSFV 1RES elements, Ille and Illf (pseudoknot) are shown. Similar to the CSFV 1RES 
elements, stem 1 is bipartite and long. The initiation codon is indicated in red.
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1999; Lukavsky et al., 2000; Rijnbrand et al., 2000) and AEV (Chapter 4) 1RES 
elements and are conserved among the flaviviruses, AEV and PEV-8 1RES elements. 
Comparison of the SVV-001 1RES sequence with that of HCV also revealed that an 
identical pseudoknot structure (domain Illf) could be drawn (Figure 5.7).
Another crucial structure for the HCV-like 1RES elements is sub-domain Hid, which has 
been shown to be essential for ribosomal subunit interaction (Kolupaeva et al., 2000a). 
Especially, the GGG triplet in the apical loop of this sub-domain is strongly required for 
1RES activity (Kieft et al., 1999; Jubin et al., 2000).
Analysis of the SVV-001 1RES element predicted a sub-domain IIIc identical to that of 
the HCV 1RES element containing an extra base-pair interaction in the stem and single 
nucleotides (A) in the apical loop. This domain, together with sub-domain Hlb, has been 
found to be very important for flavivims 1RES activity, probably via interaction with eIF3 
(Sizova et al., 1998; Tang et al., 1999; Rijnbrand et al., 2004). However, due to the 
substantial differences in the sequences at the top of sub-domain Illb between the SVV- 
001 and HCV 1RES elements, formation of an identical sub-domain Illb is very unlikely. 
Comparison of domain Ilia between the 1RES elements also revealed that they all share 
the 4 nt (AUGA) sequence homology in the apical loop of this domain. Using mfold, a 
domain II is also predicted corresponding to the flavivims 1RES elements (Figure 5.8).
Further comparison of the SVV-0011RES element with those of the Flaviviridae revealed 
that the predicted secondary stmcture of the SVV-001 1RES resembles more that of 
CSFV, although their sequence identity is less (46.8 %) than the percentage between the 
SVV-001 and HCV 1RES elements (52.4 %). In addition to the similarities that were 
found between the SVV-001 and HCV 1RES elements, which are also common with the
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CSFV 1RES element, there are some paiticulai' and critical similarities between the SVV- 
001 and CSFV 1RES element.
In contrast to the HCV 1RES element, the CSFV 1RES element possesses two side stem 
loops, Illdl and IIId2 (Fletcher and Jackson, 2002). Structural predictions of the SVV- 
001 5’ UTR showed that it can also form two side stem loops, Illdl and IIId2, identical to 
those predicted within the CSFV 1RES element. The GGG triplet is located in the apical 
loop of sub-domain Illdl of both 1RES elements. The SVV-001 pseudoknot stmcture 
resembles that of CSFV, which contains a bipartite Stem 1 region separated into Stem la 
and Stem lb by an internal loop (Fletcher and Jackson, 2002), although Stem la  is shorter 
than that of the CSFV 1RES element. Fuithennore, the SVV-0011RES element appears to 
contain a small sub-domain Illb which is again a feature seen in the CSFV 1RES element. 
The above data again provide evidence that a new member of the Picornaviridae 
possesses an 1RES element with a stmcture highly reminiscent of those of the 
Flaviviridae, especially the CSFV 1RES element.
Therefore, using mfold (http://www.bioinfo.mi.edu/applications/mfold/l the most 
theimodynamically favourable stmcture of the SVV-001 5’ UTR was predicted and 
manually edited. Based on comparison to the HCV (Figure 1.11) and CSFV (Figure 5.9) 
1RES element stmctures, a secondary stmcture model has been predicted for the SVV- 
001 1RES element (Figure 5.8) that is clearly reminiscent of the flavivims 1RES 
elements, especially that of CSFV.
In view of the striking similarity found between the SVV-001 and CSFV 1RES elements, 
especially in the pseudoknot stmcture and domain Illd that are critical for 40S ribosomal
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Figure 5.9 Secondary structure of the CSFV 1RES element. The CSFV 1RES element is 
composed of two major domains, II and III as indicated. Domain III is further divided into 
sub-domains Illa-IIIf (pseudoknot). In comparison to the HCV 1RES element, domain Illd 
is also composed of two side domains, Illdl and IIId2. The stem 1 of the pseudoknot is 
bipartite and longer than in the HCV 1RES element. Figure taken from Fletcher and Jackson 
(2002).
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binding, it is surprising that we were unable to demonstrate efficient 1RES activity within 
the SVV 5’ UTR. Therefore, we explored the conditions that optimized CSFV 1RES 
activity from previous publications. In the work published by Fletcher et al (2002), the 
CSFV 1RES element was examined with various lengths of viral coding sequence to find 
the optimum condition for 1RES activity in the context of the dicistronic vector pXL/NS. 
The authors found that only the constructs that retained 17 or more codons of viral coding 
sequence showed full 1RES activity, while the construct containing just the CSFV 5’ 
UTR exhibited only 10-25 % of the maximum 1RES activity. On the other hand, the HCV 
1RES element was optimized by including only 10 codons of the viral coding sequence 
(Reynolds et al., 1995), suggesting that the CSFV 1RES element requires a longer length 
of the viral coding sequence than the HCV 1RES element to exhibit full 1RES activity.
Consistent with these results, Rijnbrand et al (2001) found that direct fusion of the HCV 
and CSFV 1RES elements to the CAT ORF resulted in maximum HCV but only partial 
(57 %) CSFV 1RES activity. In addition, HCV and CSFV 1RES activities were 
maximized by insertion of 32 and 55 nt of the related viral coding sequence, respectively. 
It was suggested that the existence of the A-rich domain in the 5’ end of the CAT 
sequence, which is also found in the natural polyprotein coding sequence of these viruses, 
is responsible for at least a reasonable translation from these 1RES elements. This is 
because this structure could prevent formation of any stable secondary structure around 
the initiation codon which then otherwise inhibits translation initiation of the downstream 
ORF. In addition, the CSFV 1RES element was more vulnerable to deletion of this A-rich 
domain or inclusion of a small stable hairpin structure (AG = -18 kcal) between the 1RES 
element and CAT sequences than the HCV 1RES element. These impaired 1RES activities 
were restored by insertion of some nucleotides downstream of the related viral coding 
sequence but again the CSFV 1RES element required more nt for maximum 1RES activity
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than the HCV 1RES element (Rijnbrand et al., 2001). These results indicated that 
although the CSFV 1RES element does not form a stable domain IV similar to that of 
HCV, it is more sensitive to any secondary structure formed around the initiation codon 
and requires more nts from the viral coding sequence downstream of the initiation codon 
to optimize its activity (Rijnbrand et al., 2001; Fletcher et al., 2002).
The similar secondary structure found between the CSFV and SVV-0011RES elements is 
in agreement with this data, and suggests that insertion of 30 nucleotides from the SVV- 
001 viral coding sequence slightly enhances SVV-001 1RES activity in vivo and in vitro 
experiments (Figure 5.2, 5.3 and 5.4). However, our results also suggest that, like the 
CSFV 1RES element, the SVV-001 1RES element may also require a longer length of the 
viral coding sequence to optimize its activity. Further analysis should investigate the 
effect of adding more viral coding sequence on SVV-0011RES activity.
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Chapter 6 
General discussion
Eukaryotic translation initiation is a complicated and stepwise process dependent on a 
modified structure (cap) on the 5’ end of the mRNA and a group of initiation factor 
proteins (elFs) that function to assemble the 40S ribosomal subunit on the 5’ end of the 
mRNA and the subsequent scanning downstream to locate the initiation codon. On the 
other hand, internal initiation of translation is a cap-independent mechanism of translation 
and requires an RNA structure in the mRNA 5’ UTR named as an internal ribosome entry 
site (1RES) element. 1RES elements, which have been found in a wide range of mRNAs, 
are highly structured and function in cis to recruit the 40S ribosomal subunit, sometimes 
with a reduced initiation factor requirement. Some viral 1RES elements are able to direct 
internal initiation in a simpler manner, for instance the 1RES elements of the flavivims 
family such as HCV, have a short length (-300 nt) and can directly recmit the 40S 
subunit with a minimum set of initiation factors (Pestova et al., 1998a). The simplest 
mechanism of initiation has been recognised in cricket paralysis virus (CrPV) mRNA. An 
even shorter (-200 nt) 1RES element has been discovered in the intergenic region (IGR) 
of its genome; this is able to bind to the ribosome and initiate translation without 
requiring tRNA or any of the initiation factors (Kanamori and Nakashima, 2001; Jan and 
Sarnow, 2002).
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6.1 The avian picomavims (AEV) 1RES element
The aim of this study was the identification and characterization of a novel picomavims 
1RES element from avian encephalomyelitis vims (AEV). Initial analysis of the AEV 5’ 
UTR revealed that it contained an efficient 1RES element in the in vitro rabbit 
reticulocyte system and in vivo. It was primarily speculated that the AEV 1RES element 
may resemble characteristics of the HAV 1RES element, as they share a high percentage 
of protein sequence homology (39 %) and, as a result, it has been classified with HAV 
within the hepatovirus genus (Marvil et al., 1999). However, features including its 
efficient function in non-supplemented RRL and in the presence of cleaved eIF4G 
indicated that the AEV 1RES element is substantially different from the HAV 1RES 
element. In addition, the AEV 1RES element is also a relatively short picomavims 1RES 
element and shares a high sequence identity to that of HCV (48.1 %). As a result, its 
proposed secondary stmcture is highly reminiscent of the HCV 1RES element but quite 
distinct from type I, II and III 1RES elements of the Picornaviridae.
Characterization of newly discovered picomavims 1RES elements, including those from 
PTV-1 (Pisarev et al., 2004; Chard et al., 2006a), PEV-8 and SV2 (Chard et al., 1996b), 
provided evidence that they can be considered as picomavims type IV 1RES elements. 
These 1RES elements were also found to display properties highly reminiscent of the 
flavivims 1RES elements but different from those of the picornavimses (type I, II and III). 
The 1RES elements of these vimses are generally short in length (except SV-2), possess a 
secondary stmcture similar to those of the flavivimses, have no requirement for the 
cellular initiation factor complex eIF4F and lack a polypyrimidine tract upstream of the 
initiation codon which is found in all previously characterized picomavims 1RES 
elements. Toeprinting analysis of the PTV-1 1RES element in vitro revealed that 48S pre-
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initiation complexes assemble at the initiation codon in the absence of initiation factors, 
except for eIF2 as part of the ternary complex eIF2-Met-tRNAi^®^-GTP and 40S 
ribosomal subunit. Although this characteristic has been previously observed for the 
flavivims 1RES elements (Pestova et al., 1998a), it reveals a new feature in 
picornavimses. Type I, II and III 1RES elements interact with at least the C-terminal part 
of elF4G associated with tire eIF4A RNA helicase, which is required for 48S preinitiation 
complex formation and thus, ribosome recmitment (Pause et al., 1994a; Whetter et al., 
1994; Pestova et al., 1996a and b; All et al., 2001b). The HCV 1RES element directly 
interacts with elF3, which is not supposed to play a role in 48S pre-initiation complex 
formation on the 1RES but apparently stabilizes the complexes required for formation of 
the 80S ribosomal complex (Pestova et al., 1998a). Similaiiy, toeprinting analysis 
suggested that the PTV-1 1RES element could also directly interact with eIF3 and 
encourage formation of 48S pre-initiation complexes, indicating that eIF3 has a role in 
stabilization of the 48S complex on PTV-1 RNA (Pisarev et al., 2004).
Previous analysis of the secondary stmcture of picomavims type IV 1RES elements 
showed that they form a secondary stmcture similar to those of the Flaviviridae 1RES 
elements, which enables them to directly bind to 40S ribosomal subunits without the 
requirement of canonical initiation factors. In fact, the specific stmcture of these 1RES 
elements functionally replaces the initiation factors required for ribosome recruitment. 
Recruitment of the ribosome in the absence of the eIF4F complex has also been reported 
for prokaryotic mRNAs which directly recmit 3OS ribosomal subunits at a Shine- 
Dalgarno sequence located upstream of the initiation codon through a base-pairing 
interaction between iRNA and mRNA (reviewed in Kapp and Lorsch, 2004).
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Investigation of the AEV 1RES element also revealed that it folds into a secondary 
structure similar to the HCV 1RES element. In particular, the regions that are critical for 
1RES function, such as sub-domain Ilia, IIIc, Illd and Ille are highly reminiscent of the 
HCV 1RES element (Figure 3.19). The overall similarity of these stmctures between the 
HCV and AEV 1RES elements is higher than that previously found between other 
picomavims type IV and HCV 1RES elements (Chard et al., 2006a, b). We demonstrated 
that mutagenesis in the apical loop of sub-domain Ille is lethal for the AEV 1RES 
element, which is in agreement with the data from HCV (Keift et al., 1999; Psaridi et al., 
1999; Lukavsky et al., 2000), and PTV-11RES elements (Chard et al., 2006a).
The flavivims 1RES elements form a specific secondary stmcture immediately upstream 
of the initiation codon called a pseudoknot (sub-domain Illf), a stmcture which has been 
proposed to be critical for 1RES activity (Wang et al., 1995; Rijnbrand et al., 1997) 
especially for 40S ribosomal subunit binding (Pestova et al, 1998a; Kolupaeva et a l, 
2000). This stmcture has been suggested to play the main role in the precise positioning 
of the 40S ribosomal subunit at the initiation codon (Honda et al., 1996a), The discovery 
of the picomavims type IV 1RES elements has also led to prediction of this striking 
stmcture within the PTV-1, PEV-8 and SV 21RES elements (Pisarev et a l, 2004; Chard et 
a l, 2006b) which has subsequently been confirmed for the PTV-1 1RES element (Chard 
et a l, 2006a). Using mutational analysis of the AEV 1RES element, the proposal of an 
identical pseudoknot structure just preceding the initiation codon and its importance for 
1RES activity has been confirmed here, suggesting that the mechanism of ribosome 
recmitment is most likely to be similar to the flavivims and picomavims type IV 1RES 
elements.
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The correct folding of the picomavims and HCV 1RES elements into secondary and 
tertiary stmctures is highly dependent on physiological salt concentration. Adopting a 
stable three-dimensional fold in the HCV 1RES element is necessary for correct spatial 
presentation of particular protein binding sites. It has been shown that RNA folding is 
dependent on the presence of physiological divalent cations such as Mg^^ to neutralize the 
negatively charged phosphate backbone that is required for close interaction of 
nucleotides from different areas of the RNA (Kieft et al., 1999). In addition, picomavims 
and HCV 1RES-mediated translation has also been reported to require a higher optimal K^ 
concentration than cap-dependent translation (Jackson et al., 1991; Borman et al., 1995; 
Niepman et al., 2003). We found that the EMCV, AEV, HCV and PTV-1 1RES elements 
could be stimulated by supplementation of RRL by KCL The AEV and HCV 1RES 
elements exhibited the highest sensitivity to sub-optimal KCl concentration but the AEV 
1RES element displayed an optimal KCl concentration similar to the EMCV 1RES 
element (lOOmM) while the HCV and PTV-1 1RES elements demonstrated the highest 
(120mM) and lowest (60mM) optimal KCl concentration, respectively. These results 
suggest that the conect confoimational secondary and tertiary stmcture of the AEV 1RES 
element is highly dependent on optimum KCl concentration which is lower than the HCV 
1RES element requirement. This may result from some stmctural differences such as 
foimation of domain IV aiound the initiation codon of the HCV 1RES element.
Flavivims 1RES-mediated translation is enhanced by inclusion of viral coding sequence 
adjacent to the 3’-border of the 1RES elements that can be replaced by heterologous 
coding sequences that contain an A-rich domain, thereby reducing secondary stmcture 
around the initiation codon (Reynolds et al., 1995; Fletcher et al., 2002). As a mle, 
conditions that increase the degree of secondary stmcture around the initiation codon can 
reduce translation initiation (Reynolds et al., 1995; Honda et al., 1996b; Rijnbrand et al.,
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2001; Fletcher et al., 2002). Investigation of the AEV 1RES element demonstrated that, 
unlike the HCV 1RES element, it does not appear to require any downstream viral coding 
sequence to enhance the translation efficiency. This may be because the AEV 1RES lacks 
a stable sub-domain IV structure at its 3’ end, which includes sequence downstream of 
the initiation codon in the HCV 1RES element and increases the degree of secondary 
structure flanking the initiation codon. In support of this idea, the PTV-1 and PEV-8 
1RES elements that also do not possess a stable sub-domain IV, did not show any 
requirement for downstream coding sequence (Pisarev et al., 2004; Chai*d et al., 
unpublished data). On the other hand, the SV-2 1RES element, that likely contains a sub- 
domain IV around the initiation codon, was enhanced by insertion of viral coding 
sequence downstream of the initiation codon Chard (PhD thesis, 2005). It has been 
proposed that as these 1RES elements do not require the helicase activity of eIF4A, either 
in free form or associated with the eIF4F complex during translation initiation, any 
secondary stmcture around the initiation codon may interfere with ribosome recmitment 
(Fletcher et al., 2002).
The initiation factor requirements of the AEV 1RES element were also found to be 
different from the type I, II and III picomavims 1RES elements, but again were similar to 
those described for the flavivims and picomavims type IV 1RES elements. The AEV 
1RES element can function efficiently with cleaved eIF4G, a feature very different from 
the HAV 1RES element. The AEV 1RES is also resistant to an eIF4A inhibitor, another 
property quite distinct from type I, II and III picomavims 1RES elements. However, in 
comparison to the flavivims and the above-mentioned picomavims 1RES elements which 
are completely resistant to tlie eIF4A inhibitor, AEV 1RES activity was slightly affected 
by it. This is a novel characteristic among the HCV-like 1RES elements and indicates that 
there could be a subtle functional difference between the AEV 1RES and the other type
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IV IRES elements. However, in order to confirm the exact canonical initiation factor 
requirement of the AEV 1RES, further experiments such as toeprinting analysis or 
reconstitution experiments are required, as previously performed on the HCV and PTV-1 
1RES elements (Pestova et al., 1998a; Pisarev et al., 2004).
Taken together, the results described in this thesis provide evidence that the AEV 1RES 
element shares functional and structural characteristics of the picomavims type IV and 
flavivims 1RES elements and, therefore, it can be grouped with tlie picomavims type IV 
1RES elements. Of these, the AEV 1RES element possesses the highest stmctural 
similarity to the HCV 1RES element.
6.2 The Seneca valley virus-OOl(SVV-OOl) 1RES element
Initial analysis of the SVV-001 5’ UTR sequence demonstrated that it probably contains 
an 1RES element highly related to those of the Flaviviridae, especially the pestivimses. 
The predicted secondaiy stmcture, especially in the ribosome binding region, 
significantly resembles the CSFV 1RES element. Interestingly, sub-domain Illd, including 
two side stem-loops (Illdl and IIId2) and a bipartite stem 1 region in the pseudoknot 
stmcture, are highly reminiscent of the CSFV 1RES element (Figure 5.8 and 5.9). A 
specific characteristic of the CSFV 1RES element is that it requires a longer length of 
viral coding sequence than other flavivimses to optimize its activity (Rijnbrand et al., 
2001; Fletcher and Jackson, 2002). So far we have shown that the SVV-001 5’ UTR does 
not show any 1RES activity in vitro and in vivo, however, insertion of 30 nt of coding 
sequence slightly increased the translation efficiency. This result, together with the 
stmctural similarities we have found between the SVV-001 and CSFV 1RES elements, 
implies that the SVV-001 1RES element may also require a longer length of the viral 
coding sequence after the initiation codon to optimize its activity. However, further
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investigation of the SVV-0011RES element as a HCV-like 1RES element is required. It is 
also of interest to align the sequences of the 5’ UTRs of other SVV strains and to find out 
whether they also foim a unique secondaiy stmcture similar to the CSFV 1RES element 
(Figure 5.8). It is also known (Hales et al., personal communication) that SVV-001 
displays a marked tissue tropism. Even when viral RNA is transfected into cells, certain 
cells are not permissive to replication. Assaying the proposed SVV-001 1RES in 
permissive and non-permissive cell lines will clarify whether the 1RES element is 
involved in the tissue tiopism of the vims.
6.3 Conclusion
The mechanism of internal initiation within the Picornaviridae is mediated by 4 types of 
1RES elements. The type IV 1RES elements, which have only recently been described, 
possess a specific stmcture quite distinct from the others which allows them to directly 
recmit the 40S ribosome, therefore, these 1RES elements show limited dependence on 
host cell proteins. This feature is highly reminiscent of the flavivims 1RES elements. The 
possession of homologous 1RES elements between these two distinct families of vimses 
may have resulted from non-homologous recombination with a cellular mRNA 
hai'bouring an 1RES element or, more likely a viral mRNA containing a flavivims-like 
1RES element. The discovery of the HCV-like 1RES elements in the Picornaviridae 
suggests that this type of 1RES element is likely to be found in a number of mRNAs, as 
they have recently been described to be present in duck picomavims TW90A and Simian 
picomavims type 9 (SPV-9) RNAs (reviewed in Pisarev et al., 2005). In addition, cellular 
mRNAs are other candidates that have been suggested to contain HCV-like 1RES 
elements. Finding the HCV-like 1RES elements in different classes of mRNAs may also 
suggest that the pathway for direct ribosome recmitment is limited for such mRNAs
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(Pisarev et al., 2004). However, picomavims HCV-like 1RES elements have been 
recognised only in pig, simian and avian vimses so far. The question remains to be 
answered whether any biochemical or epidemiological factor has mediated the host 
specificity of these 1RES elements.
In future work, it would be interesting to search for ira/i^-acting factors required for these 
1RES elements, as each class of 1RES element requires specific binding proteins to 
optimize its activity. For example, PTB, La, heterogeneous nuclear ribonucleoprotein 
(hnRNP-L) and NS-associated protein-1 (NSAP-1) have been shown to bind the site 
around the HCV initiation codon or even the 5’ end of the HCV coding sequence 
(hnRNP-L and NSAP-1 proteins). This suggests that they may play a role in unwinding 
domain IV or secondary stmcture flanking the initiation codon (Ali and Siddiqui, 1995; 
Ali and Siddiqui, 1997; Hahm et al., 1998; Pudi et al., 2003; Kim et al., 2004). The results 
may also be a useful indicator for determination of tissue tropism and host specificity of 
these 1RES elements. In order to detect the cellular proteins that bind to the 1RES 
element, an experiment using oligo-dT Dynabeads was previously described 
(Stassinopoulos and Belsham, 2000). This assay is based on immobilization of RNA 
transcripts of the 1RES element with a poly (A) tail by oligo-dT beads. Addition of RRL 
resulted in binding of cellular proteins to the 1RES element. After eluting unbound 
proteins, the proteins bound to the transcripts are analysed by SDS-PAGE. The proteins 
can be identified by Western blotting or Mass spectrophotometery. In order to set up this 
assay for the AEV 1RES element, I have constmcted plasmids [pSP64poly (A), 
(Ambion)] containing the AEV 5’ UTR in the sense and antisense orientation and the 
AEV 5’ UTR nt 200-494. RNA transcripts can then be produced for protein-RNA 
experiments using oligo-dT Dynabeads as outlined above.
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Further structural analysis using enzymatic and chemical probing can improve our 
knowledge about the predicted AEV 1RES structure, especially domain II which has not 
been investigated yet. A novel role of this domain has become obvious in recent work, 
showing that domain II of the HCV and CSFV 1RES elements induces eIF5-mediated 
GTP hydrolysis and eIF2 release during 80S ribosome assembly (Locker et al., 2007).
The discovery of the HCV-like 1RES elements suggest that they can also be considered as 
useful models for studying the HCV replication, antiviral therapy, etc. As viruses such as 
AEV and SVV-001 have good animal models available.
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2007. The Picornavirus Avian Encephalomyelitis Virus possesses a Hepatitis C Viras-like 
internal ribosome entry site (1RES) element. In preparation
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Appendix II
Solutions
General Solutions 
TAE Buffer (50x): ILitre
242 g Tris
57 ml glacial acetic acid 
100ml 0.5M EDTA (pH 8.0)
Made up to IL with sterile distilled water. 
Sterilised by autoclaving
TE Buffer: 500ml
5m llM Tris(pH 7.6)
1ml 0.5M EDTA (pH 8.0)
Sterilised by autoclaving
Luria-Bertani (LB) broth: ILitre
10 g Tryptone 
5 g Yeast extract 
10 g Nad
Adjust pH to 7.5 with 5M NaOH
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Sterilised by autoclaving 
Luria-Bertani (LB) agar: ILitre
To LB broth (above) solution 15g (1.5 %) agar (w/v) (BACTO™ Agar) was added and 
sterilised by autoclaving.
SDS-PAGE Solutions
AX2 buffer (resolving gel buffer) :500ml
0.75 M Tris (pH 8.8)
Or 45.3g Tris made to 500ml with distilled water.
Adjust pH with HCl drops.
BX2 buffer (stacker gel buffer): 500ml
0.25 M Tris (pH 6.8)
Or 15.12g Tris made up to 500mls with distilled water.
Adjust pH with HCL drops.
SDS-PAGE Running buffer
3 g Tris 
14.4 g Glycine 
5 ml 20 % SDS
Made up to IL with distilled water.
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Coomassie stain for protein gels
1.25 g Coomassie brilliant blue 
125 ml Methanol 
50 ml Acetic acid 
325 ml distilled water
Destain
125 ml Methanol 
50 ml Acetic acid 
325 ml distilled water
Western Blot solutions
Western Blot Transfer Buffer
3g Tris 
14.4g Glycine
Make up to 800ml with cold distilled water 
Add 200ml Methanol 
Keep cool at 4°C before use.
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Resolving Gels Stacker Gel
Contents 6.5% 10% 12% 4%
Sterile d.H20 6.2 ml 4.5 ml 3.2 ml 3.7 nü
AX2 10 ml 10 ml 10 ml -
BX2 - - - 5 ml
Acrylamid Bis 
40% 3.2 ml 5 ml 6.3 ml 1 ml
De-aerate gel mixes
10% SDS 200 pi 200pl 200 pi 100 pi
Ammonium
Persulfate 200 pi 200 pi 200 pi 100 pi
Temed 50 pi 50 pi 50 pi 30 pi
10 X TBS-0.1 % Tween
24.2g Tris 
SOgNaCl
Dissolve in 800ml distilled water 
PH to 7.6 with conc.HCL 
Add 10ml Tween-20
Make up to litre with distilled water. Store at 4°C
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Blocking solution
5 % w/v Marvel in Ix TBS-Tween
Plasmid Miniprep Solutions 
Resuspension solution
50 mM glocuse 
25 mM Tiis (pH 8.0)
10 mM EDTA
Lysis solution
1%SDS 
0.2 M NaOH
Neutralization solution
120 ml 5M Potassium acetate 
23 ml Glacial Acetic Acid 
57 ml distilled water
TE/RNas A
450 pi TE buffer
50 pi RNas A (lOmg/ml; Sigma)
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Appendix III
AEV 5’ UTR (nt 1-494) sequences (EMBL Accession number: AJ22173)
t t t g a a a g a g g c c t c c g g a g t g t c c g g a g g c t c t c t t t c g a c c c a a c c c a t a c t g g g g g g
t g t g t g g g a c c g t a c c t g g a g t g c a c g g t a t a t a t g c a t t c c c g c a t g g c a a g g g c g t g c
t a c c t t g c c c c t t g a c g c a t g g t a t g c g t c a t c a t t t g c c t t g g t t a a g c c c c a t a g a a a
c g a g g c g t c a c g t g c c g a a a a t c c c t t t g c g t t t c a c a g a a c c a t c c t a a c c a t g g g t g t
a g t a t g g g a a t c g t g t a t g g g g a t g a t t a g g a t c t c t c g t a g a g g g a t a g g t g t g c c a t t
c a a a t c c a g g g a g t a c t c t g g c t c t g a c a t t g g g a c a t t t g a t g t a a c c g g a c c t g g t t c
a g t a t c c g g g t t g t c c t g t a t t g t t a c g g t g t a t c c g t c t t g g c a c a c t g a a a g g g t a t t
t t t g g g t a a t c c t t t c c t a c t g c c t g a t a g g g t g g c g t g c c c g g c c a c g a g a g a t t a a g g
g t a g c a a t t t a a a c
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SVV-001 5’ UTR (nt 1-666) sequences (EMBL Accession number: 
ABG23522)
TTTGAAATGGGGGGCTGGGCCCTGATGCCCAGTCCTTCCTTTCCCCTTCCGGGGGGTTAA
CCGGCTGTGTTTGCTAGAGGCACAGAGGGGCAACATCCAACCTGCTTTTGCGGGGAACGG
TGCGGCTCCGATTCCTGCGTCGCCAAAGGTGTTAGCGCACCCAAACGGCGCACCTACCAA
TGTTATTGGTGTGGTCTGCGAGTTCTAGCCTACTCGTTTCTCCCCCGACCATTCACTCAC
CCACGAAAAGTGTGTTGTAACCATAAGATTTAACCCCCGCACGGGATGTGCGATAACCGT
AAGACTGGCTCAAGCGCGGAAAGCGCTGTAACCACATGCTGTTAGTCCCTTTATGGCTGC
AAGATGGCTACCCACCTCGGATCACTGAACTGGAGCTCGACCCTCCTTAGTAAGGGAACC
GAGAGGCCTTCGTGCAACAAGCTCCGACACAGAGTCCACGTGACTGCTACCACCATGAGT
ACATGGTTCTCCCCTCTCGACCCAGGACTTCTTTTTGAATATCCACGGCTCGATCCAGAG
GGTGGGGCATGACCCCTAGCATAGCGAGCTACAGCGGGAACTGTAGCTAGGCCTTAGCGT
GCCTTGGATACTGCCTGATAGGGCGACGGCCTAGTCGTGTCGGTTCTATAGGTAGCACAT
ACAAAT
LUCRs primer sequences used for sequencing:
CGGTTCCATCCTCTAGA
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Appendix IV
pGEM-llZ Vector Map
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